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I. On the  Foundat ions  for  a Theory  of  Thermoregulation 

A.  I n t r o d u c t i o n  

In  the l a te  f o r t i e s  , while  a t  the  Bureau of S tanda rds ,   t he   s en io r   au tho r  
made measurements on the   t he rma l   cha rac t e r i s t i c s   o f   t he  human body as a h e a t  
source,   and  found  rapid  changes  in  internal  power.  (The  problem  under  inves- 
t i g a t i o n  a t  the  time was the   hea t   load   presented   by  a man in   the   conf ined  . 
space of a , f u l l   p r e s s u r e  s u i t . )  In  1950 a more d e t a i l e d  and q u a n t i t a t i v e  
s tudy   of   the   hea t  power was made, wh i l e   s tudy ing   c lo th ing   i n su la t ion ,   and  
r e p o r t e d   i n   ( 1 ) .  From t h i s   q u a n t i t a t i v e   s t u d y ,   t h e r e  emerged a phenomenolog- 
i ca l   p i c tu re   o f   t he   ove ra l l   me tabo l i c   dynamics   i n   t he  complex  homeotherm. It 
w a s  found tha t   r e s t   me tabo l i sm,   o r   cons t an t   ac t iv i ty   s t a t e   me tabo l i sm  were  
not: cons t an t ,   bu t   were   i n  a s u s t a i n e d   s t e a d y   s t a t e   o f   o s c i l l a t i o n .  

On the   bas i s   o f .   t hese   and   o the r   expe r imen ta l   s tud ie s ,  we have  pursued a 
cont inuing   d i scuss ion  on the   na tu re  of human thermoregulat ion.  It would  be 
mis leading   no t   to   po in t   to   the   sus ta ined   d i scuss ion   of   the  same problem t o   b e  
found among p h y s i o l o g i s t s .   B a s i c a l l y ,   t h e   p r o b l e m   l i e s   i n   t h e i r   f i e l d .  The 
on ly   con t r ibu t ion  of t h e   p h y s i c a l   s c i e n t i s t   o r   e n g i n e e r  is  t o   f o r c e  a d i a l e c -  
t i c   i n  which   proper   a t ten t ion  is  paid  to   the  physical- thermodynamic  aspects  
of  the  problem. 

A number of  major  physiological  reviews of thermoregulation may be  found 
in   (2 -10) .  The nonspec ia l ized   reader  who wishes a quick  textbook  introduc-  
t i o n   t o   t h e   s u b j e c t   c a n  s t a r t  with  Chapter  54 of Ruch and  Patton  (11) , and 
Chapter 68 of  Guyton (12) .  Newburgh (3 )  and  then ( 2 )  and  (4-10)  follow  in 
good o rde r .  

Agains t   the   background  of   th i s   ear l ie r   mater ia l ,  we w i l l  a t t e m p t   t o  
c a r r y   o u t  as much of a new s y n t h e s i s  as we b e l i e v e   p o s s i b l e  of t he  dynamics 
of . the   hea t   f lux-metabol i sm  produced ,   and   of   the   t empera ture   po ten t ia l s ,   bo th  
i n t e r n a l  and ex te rna l ,   t ha t   a r e   ma in ta ined   w i th in   t he   body .  

P r e l i m i n a r i e s  

By thermoregulat ion  in   the human, we s h a l l   r e f e r   t o   t h e   n e a r   c o n s t a n c y  
of  the  time  averaged  steady s t a t e  core  temperature  of  the human when exposed 
t o  a w i d e  range  of  ambient  temperatures  or  engaged  in a wide  range of sus- 
t a i n a b l e   a c t i v i t i e s .  

Metabolism  and  oxygen  consumption.  Lavoisier w a s  r e spons ib l e   fo r   i den -  
t i f y i n g   h e a t   p r o d u c t i o n   i n   t h e  body as or ig ina t ing   f rom  an   equiva len t   ox ida-  
t i o n   o f   . f o o d s t u f f s .  One f i n d s   i n  Sechonov  (13)  an  attempt a t  a d e t a i l e d  
balance  between  heat  production  and  food  consumption. By Rubner's  time  (14), 
a de t a i l ed   ba l ance  had  been  achieved among var ious  foodstuffs .   Carbohydrates  
provide a mean value  of   about  4 kcal /gm  in   the  body  (a lcohol   for   example  pro-  
vides   about  7 kcal / 'gm);   protein  a lso  provides   about  4 kca l /gm;   d iges t ib l e  
f a t   p rov ides   abou t  7 kcal/gm. 



We d e r i v e  a relat ion  between  food  intake,   oxygen  uptake  and  metabol ism.  
If we express   food   in take   in  terms of a r e s p i r a t o r y   e q u i v a l e n t ,   o r   r e s p i r a -  
t o r y   q u o t i e n t ,  we have   the   fo l lowing   tabula ted  resul ts  (Table 1.1). 

Table 1.1 

02 co2 
equ iva len t  e q u i v a l e n t  - kca l /R  - kcal/R 

Carbohydrate  5.1  5.1 
P ro te in   4 .5   5 .6  
F a t  
Average d i e t  

(pos  tabsorpt   ive  , a t  r e s  t )  

- 4.7 
4.83 

- 6.7 
5.89 

AQC02 

AQ02 
R .Q.  = - 

1.00 
.80 
.7 1 
.82 
- 

Thus,   in  a reasonably  c lose  approximation,  

M = 4.83 AQox 

M = metabol ism  (kcal /uni t   t ime)  

AQox = oxygen  uptake  ( i /uni t   t ime)  

The average R.Q. ( r a t i o   o f  volume C02  produced t o  volume O2 consumed) 
is  given  by  0.82. 

'This  would  be  high i f   p ro te in   were   comple te ly   ox id ized ,   bu t   in  
humans p r o t e i n  is only  broken down t o   u r e a .  

Oxygen consumption  and  act ivi ty .  The complex b i o l o g i c a l   s y s t e m  is a 
degenerate  thermodynamic  engine. Thus a t  r e s t   ( p o s t  food   abso rp t ion ,   i n   an  
undis turbed   menta l   s ta te ) ,   one   f inds  a certain  normal  oxygen  consumption 
r e q u i r e d   t o   m a i n t a i n   t h e   l i v i n g   p r o c e s s .   I n  a human t h i s  is about  0.25 Ipm 
( i . e .  , a metabolism  of 1.2 kcal/min o r  1700 kcal/day):   This  might  be  con- 
s idered   a 'normal '   res t   metabol i sm.   (Actua l ly  when l y i n g  down, a s l e e p ,   t h e  
metabolism may d r o p   t o   a b o u t  .15 - .20 lpm, o r  1200 - 1400 kca l /day . )  

On the   o ther   hand ,  a t  peak   ac t iv i ty   t ha t   can  be s u s t a i n e d   ' a e r o b i c a l l y ' ,  
t h e  maximum oxygen  consumption i s  about 3 lpm. 

'Aerobic '   oxidat ion w i l l  be assumed t o   t a k e   p l a c e   i n   t h e   b o d y ,  when the  
l a c t i c   a c i d   p r o d u c t i o n  is s t i l l  similar t o   t h a t  a t  r e s t .  It has  been  found 
from  such a c t i v i t i e s  as mounta in   c l imbing ,   h igh   a l t i tude   f ly ing ,   co ld   and   ho t  
climate  performance,  that   peak  consumptions  of 3 lpm can  be  maintained. It 
may be   no ted ,   t ha t  i t  is d o u b t f u l   t h a t   a t h l e t e s  , who can  reach  peaks  of 4 - 7 
lpm, can maintain  consumption  levels  greater  than 3 lpm ( C o s t i l l  (15)). 
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Even though men can .   opera te  a t  chemical   equi l ibr ium  over  a thermodynamic 
cyc le ,   the   ob jec t ive   'work '   tha t   the   sys tem  can   per form,   o r   the   ob jec t ive  
' e f f ic iency '   wi th   which  a task  can  be  performed  ( the  eff ic iency  might   be 
measured  by  such  parameters as speed ,   per formance   un i t s   per   un i t   t ime,   e tc . )  
is n o t   e s t a b l i s h e d .   I n  .any case  i t  is  low. Most of   the   energy   assoc ia ted  
wi th  oxygen  consumption  winds  up as hea t ,   ve ry  l i t t l e  as work. By l e a r n i n g  
and  training,  the  system  can  improve i ts  s k i l l s .  For  example, some individ: 
u a l s ,  a f t e r   p r a c t i c e   c a n   r u n  a m i l e  i n  12 minutes , a few i n  under 4 minutes;  
the  'champion' 50 years   ago  could  run a m i l e  i n  4.5 minutes.,  today i n  3 . 8  
minutes. Among d i f f e r e n t  mammalian spec ies   o f   the  same we igh t ,  some can  run 
a m i l e  i n  2 minutes , o t h e r s   i n  10  minutes. Thus w i t h i n  a s p e c i e s  , between 
s p e c i e s ,  a t  d i f f e r e n t   h i s t o r i c a l   e p o c h s   i n   t h e   l i f e   c h a r a c t e r   o f  a s p e c i e s ,  
performance  capabili ty  can  change. This may be  summarized  by s t a t i n g   t h a t  
the   e f f ic iency   wi th   which  a. sys tem  can   'wi re '   toge ther  i t s  motor  systems  for 
some resu l tan t   per formance  is a v a r i a b l e .  It can  only  be  characterized  by 
p o p u l a t i o n   s t a t i s t i c s   a s s o c i a t e d   w i t h   s a t u r a t i o n   p e r f o r m a n c e   o f  some w e l l  
t r a i n e d   t a s k   t h a t  f i t s  the  animal 's   motor  system. (E.g. , humans can  walk-run, 
f i sh   can  s w i m ,  b i r d s   c a n   f l y . )  

Thus we can  only  grade  performance  over one objec t ive   parameter ,  oxygen 
consumption,   and  to   use  that  we should  grade i t  by   s t eps   o f   we l l   p rac t i ced  
'natural '   performance  (such as walking  while   carrying  moderate   loads) .  

S p e c i f i c  oxygen  consumption,  metabolism,  and  blood  flow. A common as-  
sumption is tha t   the   a rea   spec i f ic   metabol i sm  (metabol i sm  per   un i t   a rea)  is 
e s s e n t i a l l y  a constant ,   because  of  a near   constancy  of   surface  temperature .  
A c l o s e r   ' t r u t h '  is tha t   the   weight   spec i f ic   metabol i sm is e s s e n t i a l l y  a con- 
s tan t ,   because   the   weight   spec i f ic   b lood   f low is n e a r l y  a c o n s t a n t .  The  two 
v a r i a b l e s  - blood f low and  metabolism  (or  oxygen  consumption) - a r e   t i e d   v e r y  
n e a r l y  by the  oxy-hemoglobin  saturation  core a t  body  ph.  This is very   near ly  
the  same f o r  a l l  mammalian s p e c i e s .  

S p e c i f i c a l l y ,  i t  appears   tha t  

A = mammalian s u r f a c e   a r e a  

W = mammalian weight 

C1 = a c o n s t a n t ,   e s s e n t i a l l y   g e o m e t r i c  

(M).o * mammalian metabolism (at rest) 
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(AQox)o = mammalian  oxygen  consumption (at r e s t )  

(Qb)o = mamalian  blood flow 

If cen te red  a t  human d a t a ,  one  would s e l e c t  

W = 160 l b .  

(AQox)o = 0.25 lpm 

These r e l a t ions   ho ld   approx ima te ly   ove r   t he   s i ze   r ange   sh rew  to   l a rge  
whale,  and more c l o s e l y  ra t  t o   e l e p h a n t .  However, i t  appea r s   t ha t  small 
mammals , below a few pounds in   we igh t ,   have  a higher   metabol ism.  It appears 
t h a t   t h e r e  may be a minimum oxygen r a t e   t h a t  a l l  mammals consume. It is  not 
c lear   whether  small animals , such as the  shrew, consume cons ide rab le  oxygen 
because  they  are   'nervous ' and ' j i t t e r y '  , or   t ha t   t hey   a r e   ' ne rvous  ' and 
' j i t t e r y '   b e c a u s e   t h e y   h a v e   t o  consume considerable   oxygen.   These  possibi l i -  
t i e s   a r e  open t o   ' e x p l a i n '  small animal  metabolism. 

(While  they are no t  mammals, i t  i s  i n t e r e s t i n g   t o   n o t e   t h a t  small qu ie s -  
c e n t   f i s h   ( e . g .  2 gm) consume about  0 . 1  cc   per  gm pe r   h r   ( tw ice   t ha t   i n   no r -  
mal a c t i v i t y ) .  Note t h a t   i f   t h e   r a t e   0 . 1 - 0 . 2   c c   p e r  gm p e r   h r  i s  ex t r apo la t ed  
t o  human s i z e ,  160 lb  , an  oxygen  uptake of 0.12-  .24 lpm is obtained .) 

Although  these  re la t ions  might   permit  us  t o   g e n e r a l i z e   r e s u l t s   f o r  many 
s p e c i e s ,  we in t end   t o   spec ia l i ze   t he   t he rmoregu la t ion   p rob lem  fo r   t he  human. 
(For  example,  not a l l  mammals l o s e   h e a t   i n   e v a p o r a t i o n   i n   t h e  same way. Dogs 
pant ,   los ing   evapora t ive   hea t   th rough  the   tongue;  rats lose  heat   through  the 
t a i l ;  whereas humans lose   hea t   th rough  sweat   g lands   in   the  skir,.) 

Temperature  regulation  versus  ambient  temperature  and  oxygen  consumption 
(phenomenology). The c h a r a c t e r i s t i c s   t h a t   h a v e   t o   b e   e x p l a i n e d   a r e   t h e  
fol lowing:  

Given  an  ambient   environment ,   character ized  by  an  effect ive  temperature  
(a i r  and w a l l s )  T and r e l a t i v e   h u m i d i t y ,  a nude (o r   l i gh t ly   c l ad   o r   no rma l ly  
c lo thed )  human engaged i n  a p r a c t i c e d   s u s t a i n a b l e   a c t i v i t y   i n   w h i c h   h e  is  
consuming  oxygen a t  a r a t e  A Q  : 

a 

ox 

We no te   t he   fo l lowing   nomina l   cha rac t e r i s t i c s .  

One  may no te   t ha t   t he   b lood   f l ow  ( ca rd iac   ou tpu t )   va r i e s   ove r  a 3-4  t o  1 
range  (e.g., 5-6 lpm t o  2 1  lpm) ; while  the  oxygen  consumption  (and  thus 
metabol ism)  var ies   over  a 10 t o  1 range  (e.g.  0.25 lpm t o  3 lpm). The 'equi- 
l ib r ium'   t ime  sca les   vary   over  a cons iderable   range .  
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While  blood is d e l i v e r e d   i n t e r m i t t e n t l y ,   b e a t   b y   b e a t   w i t h  a near  one 
second   pe r iod ,   t he   ca ro t id   ba ro recep to r   on ly   r egu la t e s   b lood   p re s su re   ove r  a 
per iod of t he   o rde r  of 5-10  seconds.   However,   task  start-ups  (e.g.  , s t a r t i n g  
t o   r u n  a t  a s t eady   pace ,   o r   s topp ing)  show a change  of  oxygen  consumption  of 
the  order   of  100 seconds.   This   has   been  t raced  to   dynamics  of   local   micro-  
vascular   beds,   which somehow are  coordinated  throughout  the  body,  presumably 
by some b l o o d   c a r r i e r .  A concomitant  change in   r eg iona l   b lood   f l ow  t akes  
p l a c e   w i t h  a seven  minute  period, as regional  blood  f lows  change. However, 
thermodynamic equi l ibr ium  of   the  oxidat ion  react ion  does  not   seem  to   take ' 

p lace  i n  le,ss t h a n   t h r e e   h o u r s .  Thus phys ica l ly ,   one  may r e g a r d   t h i s  as t h e  
f i r s t   s t e a d y  s t a t e  ' equ i l ib r ium '   pe r iod .  

The c h a r a c t e r ,   o r  s t a tus  of the  system  cannot   be  determined  in  less than 
a day,   pr incipal ly   because  of   the  res t -wake  cycle .   Loosely  one  might   charac-  
t e r i z e   p e o p l e  as a c t i v e ,   ' a t h l e t i c ' ,   o r   s e d e n t a r y .  In both  cases   the  average 
,metabolism is much c lose r   t o   t he   r e s t   me tabo l i sm  than   t o   t he   me tabo l i sm 
d u r i n g   t h e   h i g h l y   e n e r g e t i c   s t a t e .  What d i s t i n g u i s h e s   a n   a t h l e t e   f r o m  a non- 
a t h l e e e  is  t h a t  on t he   ave rage   t he   a th l e t e  w i l l  engage in a c e r t a i n  amount  of 
da i ly   du ty   cyc le  a t  h i g h   a c t i v i t y .  This ac t iv i ty   changes   t he   ope ra t ing   po in t  
of h i s   card iovascular   sys tem,   bo th   o f   the   hear t   and   of   the   microvascular   con-  
t r o l   s e t t i n g s .   T h i s  is  not   seen  s o  much a t  the  extremes  of  oxygen  uptake - 
a t  r e s t   o r  a t  3 lpm e x e r t i o n ,   b u t   i n  a more favorable  uptake in between. 
A l s o   t h e   a t h l e t e  w i l l  show a l o w e r   h e a r t   r a t e   f o r   t h e  same t a s k s .  

The s ta tus  of  the  system  can  be  changed  adaptively by a c t i v i t y   o r   i n a c -  
t i v i t y   i n  a per iod  of   about  3 weeks. The c h a n g e s   a r e   p r i m a r i l y   i n   t h e   c a p i l -  
l a r y   c h a r a c t e r i s t i c s   a n d  t issue c h a r a c t e r .  However , such  adaptive  changes , 
are not   our   present   concern.  

Loosely.   speaking, m a m m a l s  w i l l  e x h i b i t  similar weight   spec i f ic   b lood  
flow demand a t  r e s t  and in a c t i v i t y .  An approximate  idea  of   the  balances  in  
r e s t  and a c t i v i t y  can  be  obtained as fol lows  (Table   1 .2) :  

Table 1 . 2  

T i s s u e  

Organ t i s s u e   ( n o t e  
except ions   -hear t  
f o r  example is 120530) 

Vascular demand a t  r e s t   i n  m a m m a l s  

Kidney 

Glandular t issue 

Skin 

'Carcass ' (approx. 
h a l f  is muscle) 
Cardiac  output 

w e i g h t   s p e c i f i c  demand- 
mllmin  per 100 gm t i s s u e  

30-120  range;  75230 

430550 

220+100 

1 0 5  

20 

1857 

pe rcen t  of t o t a l  
c a r d i a c   o u t p u t  

30  

15-3  

0.3 

7 5 1  

50 

100 
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A t  rest - 
We igh t ba  lance : 

organ   k idney   g land   sk in   carcass  

- .30  .15  .003 + 07 + 1.00 
75 

+ -  
43 0 

+ -  
22 0 

- 
10 

-50 - 
2 0  18 

o r  11% + 1% + 0% + 19% + 69% W 100% 

Flow  ba  lance : 

-30  + . l j  + .003 + .07 + .50 = 1.00 

A t  p e a k   s u s t a i n e d   a c t i v i t y  - 

Flow balance : 

.30 + .15 + .033 + 1 . 0 7  + (f X 50 + f X x . 50 )=3  12 6 

Thus while  organ  demand-tissue demand is  f a i r l y   c o n s t a n t  (75530  ml/min/ 
100 gm t i s s u e ) ,   t h e r e   a r e   e x c e p t i o n a l l y   h i g h   s p e c i f i c  demands made by  gland- 
u l a r  t i ssue ( a   neg l ig ib l e   p rob lem  he re )  and  kidney.  However,  one  should  note 
t h e  low demands made by sk in   and   ' ca rcass  ' . It is  t h e   b a s i c   l a r g e  demand 
changes  that   can  be made by sk in   ( loca l   sk in   f low  can   change  by a fac tor   o f  
Z O O ) ,  and  by  muscle (we w i l l  r e g a r d   ' h a l f '   t h e   c a r c a s s  as being  muscle)   that  
represent   the   ac t ive   card iovascular   changes   f rom rest  t o   e x e r c i s e .  

Under a c t i v i t y ,   t h e   o r g a n  f lows  change  only  moderately. The s u b s t a n t i a l  
change tha t   t akes   p l ace  i s  l a rge ly   i n   pe r iphe ra l   musc le   and   sk in .  Roughly 
speaking,  a t  peak a c t i v i t y   t h e  number  of c a p i l l a r i e s  open i n  muscle  doubles, 
and the  peak  muscle  f low  can  increase  about 20  fo ld .   Skin   f low  can   increase  
200 f o l d .  It is t h i s  20  fold  increase  of   blood  f low  in   muscle   of   about  15% 
of  the  body mass t h a t   r e p r e s e n t s   t h e   i n c r e a s e   i n   b l o o d   f l o w .  

However, we cannot   assure   the   peak   increase   th roughout   the   en t i re  mass 
of s k i n  and  muscle. Thus i n   o u r   e s t i m a t e d   c a l c u l a t i o n s  we have shown s k i n  
and  muscle demand brought up t o   t h e   l e v e l   o f   a c t i v e   h e a r t  as muscle. Thus 
sk in ,   pe r fused  a t  r e s t  a t  10  ml/cc/100 gm t issue and  muscle   (half   the   carcass)  
perfused a t  r e s t  a t  2 0 ,  a re   bo th   b rought  up t o  120 ( t h e   v a l u e   f o r   h e a r t ) .  A 
val id   order   of   magni tude  of   blood  f low is  s o  c a l c u l a t e d  a t  p e a k   a c t i v i t y .  

The l imi ta t ion   o f   peak   sus ta ined   b lood   f low  ( i . e . ,   to  a 3-4   fo ld   increase  
o v e r   r e s t )  is n o t   t h e  r e su l t  of s a t u r a t i o n  o f   t h e   c o n t r o l s   ( c o n t r o l  of blood 
f low  does  not   take  place a t  t h e   c a p i l l a r i e s ,   b u t  a t  t h e   a r t e r i o l e   l e v e l ) .  It 
is due p r i n c i p a l l y   t o   t h e   s a t u r a t i o n   o f   t h e   m e t a b o l i c   c h a r g e   f o r   t h e   e f f o r t  
o f   the   vent i la t ion   musc les .  
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Basical ly   metabol ism,   or   oxygen  uptake,  is determined a t  t h e   c a p i l l a r y  
l e v e l  a t  t h e  100 second time s c a l e .  (The  blood  flow, a t  the  400 second t i m e  
scale is  a fol lower.  It is r e s e t   b y   h y p o t h a l a m i c   c o n t r o l  a t  t h e   a r t e r i o l a r  
l e v e l . )  However .   the   cap i l la r ies  are  caught up i n  a dua l   ro l e .   The i r   open ing  
is t empera tu re   s ens i t i ve .  On t h e   o t h e r   h a n d ,   t h e   l a r g e   d e g r e e   o f   p r o l i f e r a -  
t i o n  of c a p i l l a r i e s  (a capi l la ry ,   on   the   average  is a r r a y e d   w i t h i n  64L of 
a n o t h e r   c a p i l l a r y )  makes  them a heat   exchanger .  

C a p i l l a r i e s  are wide  open in   t he   t empera tu re   r ange  35-37OCY and i n   p r o -  
cess  of  opening a t  about  3 O O C .  Thus the   loca l   bed   has   au toregula tory   thermal  
c h a r a c t e r i s t i c s   i n   t h a t  zone i n  which  temperature is changing,   that  is , t h e  
s k i n .  

H e a t   p u l s i n g   i n   c a p i ' l l a r i e s   o f   s k i n   a f f e c t s   t h e  sweat glands.  Thus both 
show a 100 second  cycle.   Hawever,   the  blood  f low is s h i f t e d  a t  a 400 second 
l e v e l ,   p a r t i c u l a r l y   i n   s k i n .  Thus l a r g e   s h i f t s   i n   t h e   e x t e r n a l   f l u x ,   v i a  
heat   exchange,   take  place.  This has  a la rge   concomi tance   wi th   the   reg iona l  
h e a t  loss by  evaporation  through  sweat  glands.  

For  the  phenomenological  aspects  of  thermoregulation, we note   the  fol low- 
ing   nominal   charac te r i s   t i cs   (F igure  1.3) : 

We r e g a r d   t h e   ' f i r s t  ' problem in   descr ib ing   the   thermoregula t ion   of   the  
mammal ( h e r e   p a r t i c u l a r l y   t h e  human) t o  be t o   a c c o u n t ,   b y   i n t e r n a l  mechanisms 
and   by   cons is tency   wi th   in te rna l   resu l t s ,   fo r   the   very   nominal   near   cons tancy  
of  deep body tempera ture ,   for   those   regula ted   charac te r i s t ics   o f   metabol i sm,  
and  for   the known exper imenta l   var ia t ion   o f   average   sur face   t empera ture   and  
evaporat ive  (water)  loss. The t o t a l i t y  o f   da t a   t o   be   accoun ted   fo r   desc r ip -  
t i v e l y   a r e  somewhat s p e c u l a t i v e .  However they  have  been  framed on the  fol low- 
ing  experimental   facts   and  s tudies  . 

1. For men a t  rest ,   the   average  metabol ism a t  O°C (10 h r   ave rage   fo r  
men s leeping   near ly   nude)  is about  30% higher   than  a t  2 0 O C .  

We i n t e r p r e t   t h i s   t o   b e   m a i n l y  a charge  placed  on  the  cardiovascular  
sys t em  to   ma in ta in   t he   pe r fus ion   d i s t r ibu t ion  a t  low tempera ture   aga ins t  
i n t e n s e   v a s o c o n s t r i c t i o n .  Thus we assume t h a t   t h i s  30% r i s e  may l i k e l y  
occur a t  e v e r y   a c t i v i t y   l e v e l .  

2 .  Based on weaker   experimental   evidence,   there  seems t o   b e  a similar 
r ise  in   me tabo l i c  ra te  beyond t h e   " n e u t r a l "  ( i . e . ,  minimum metabolism) 
tempera ture   for   the   h igher   t empera ture   range .  

We i n t e r p r e t   t h i s   t o   b e   m a i n l y  a charge  placed on the   ca rd iovascu la r  
sys t em  to   ma in ta in   t he   pe r fus ion   d i s t r ibu t ion  a t  high  temperature ,  i .e . ,  
t o   ma in ta in   vasod i l a t a t ion   capab le   o f   pour ing  maximum amount  of f l u i d   o u t  
through sweat g lands   for   evapora t ive   cool ing .  We assume t h a t   t h i s  30% 
rise may l ike ly   occu r  a t  e v e r y   a c t i v i t y   l e v e l .  

3 .  We have   s e l ec t ed   t he  minimum metabolism  points a t  e a c h   a c t i v i t y  
l e v e l   t o   f a l l   a l o n g   t h e   S c h o l a n d e r   l i n e s .  A t  l e a s t   f o r  humans, we regard 
these  Scholander   l ines   not  as textbooks  do,  as a ' chemica l ly   regula ted '  



metabol i sm  which   increases   l inear ly   wi th   decreas ing   tempera ture ,   bu t  as 
a behaviora l   locus   (an   ac t iv i ty- tempera ture   ' comfor t '   l ine)   o f  mean ac- 
t i v i ty   fo r   each   ambien t   t empera tu re   and   i n su la t ion   t ha t   an   an ima l   has  
a v a i l a b l e .  The c h o i c e   o f   a c t i v i t y   s a t i s f i e s  some long term behav io ra l  
a lgo r i thm,   wh ich   i n   ou r   p re sen t   d i scuss ion   does   no t   conce rn  us .  I n   t h e  
s h o r t e r  thermodyn%mic scale ( i . e . ,  3-4 hours)   the   cen t ra l   nervous   sys tem 
is viewed as c l a m p i n g   o n   a n   a c t i v i t y   p a t t e r n .  The da ta   t hus   r ep resen t  
no t   on ly   ' comfor t '   ope ra t ion ,   bu t  a l l  states of  thermodynamic  equilib- 
rium, up t o  i t s  breakdown as a s imple   equ i l ib r ium  ox ida t ion .  

4 .  A t  tempera ture   ex t remes ,   the   sys tem  fa i l s .  The p h y s i o l o g i c a l   l i t e r -  
a t u r e  is weak  on d a t a .  Thus we have  had t o  surmise. Ten hour   s l eep ing  
d a t a   i n  a i r  have  been  found. Of cour se ,   i n  water exposure - data  from 
water immersed f l i e r s ,  and  from the   ho r r ib l e   Naz i   da t a  - i n  O°C wa te r  
immers ion ,   dea th   t akes   p lace   ra ther   qu ick ly .  A r e c e n t   s t u d y  on rats,  
who have l i t t l e  body capac i t ance ,   i nd ica t e s   r ap id  breakdown  of the  regu-  
l a t i o n  a t  20OC in  water   immersion.  It was found t h a t   t h e  breakdown 
occurs when the  skin  temperature   drops  below 25OC. This   agrees   wi th   our  
temperature  measurements i n   c a p i l l a r i e s .  Guided  by p h y s i c a l   i n t u i t i o n ,  
we p l a c e   t h e   c o l d   l i m i t a t i o n   i n   t h e   v i c i n i t y   o f  -1OOC.  We have   s imi l a r ly  
s c a l e d . t h e   d e a t h  by ' f r e e z i n g '   f o r   o t h e r   a c t i v i t i e s .   F o r   e x a m p l e ,  we can 
b e l i e v e   t h a t  a champion  runner   might   sustain  l i fe  a t  peak   sus t a ined   ac -  
t i v i t y   w h i l e   r u n n i n g ,   n e a r   n u d e ,  a t  -4OOC t o  -5OOC. (Di f f i cu l t i e s   migh t  
a r i se   wi th   f reez ing   of   ' sweat '   o r   'mois ture '   fo r   spec ia l ized   reg ions! .  
However l i gh t   sh i e ld ing   o f   t hese   r eg ions ,   wh ich   wou ld   no t   a f f ec t   i n su la -  
t i o n ,   o n l y   t h e   s u r f a c e   d e p o s i t i o n   o f   i c e ,   c o u l d   s u s t a i n   t h e   a c t i v i t y . )  

5 .  A t  high  temperature , h e a t   p r o s t r a t i o n  due t o  inadequacy  of  evapora- 
t i v e   r e g u l a t i o n   o c c u r s .  We have   the   l imi t ing   losses   occur ing   wi th  100% 
wetted  surface.   This   occurs   near   ambient   temperatures   of  40° t o  5OOC. 
We assume t h a t   w i t h   i n c r e a s e d   a c t i v i t y   t h e  l i m i t  of s u r v i v a l   s h i f t s   a l o n g  
some curve.  

A Review  of P h y s i o l o g i c a l  Views 

The c lass ica l   phys io logica l   v iews   of  human thermoregulation  have  wobbled 
between  regulat ion  of   an  internal   center   (e .g . ,   the   hypothalamus,   general ly  
as ' thermostat  ' )  and regula t ion   of   the   sur face   t empera ture .   In   genera l   bo th  
views  have  been  accepted  and  special ized  ' temperature   t ransducers '   (€ .e . ,  
t e m p e r a t u r e - e l e c t r i c a l   p u l s e   c o d e   i n   t h e  CNS) a r e   p o s t u l a t e d .  On t h e   o t h e r  
hand, a ' s e t - p o i n t '  is a l s o   p o s t u l a t e d  a t  some c e n t r a l   r e g i o n .  Hammel (9) 
po in t s   ou t   t ha t   s ince   exc i t ab le   ne rvous  t issue is  t empera tu re   s ens i t i ve  "it 
is  su rp r i s ing ,   no t   t ha t   t empera tu re  is t r ansduced   by   exc i t ab le   t i s sue ,   bu t  
t ha t   t he   p rocess   appea r s   t o   be   ach ieved   p r inc ipa l ly  by spec ia l i zed   t he rma l  
de t ec to r s   o r   r ecep to r s " .  Even though   he   v i sua l i zes   t he   poss ib i l i t y  of  "cold- 
sensit ive"  and  "warm-sensit ive"  neurons,   he  assumes  "that  the  hypothalamic 
temperature,  when t ransduced,  becomes the   r egu la t ed   t empera tu re" ,   bu t   t ha t  

regulatory  responses" .  H e  assumes t h a t   t h e r e  is a re ference   t empera ture ,  
w i th  a n e u r a l   b a s i s ,   a n d   t h a t   t h i s   v i r t u a l  ( i . e . ,  no t   rea l )   t empera ture   p ro-  
v i d e s   t h e  se t  p o i n t .  

11 the  other  body  temperatures,  as well as o the r   f ac to r s ,   i n f luence   t he   t he rmo-  
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Carlson (6) c h a r a c t e r i z e s  a concept  of  hypothalamic  regulation  by 

"The. . .concept may be  summarized as p o s t u l a t i n g  a t h e r m a l l y   s e n s i t i v e  
(anter ior)   area  of   the   hypothalamus  f rom  which  heat  loss o r i g i n a t e s . .  . A 
hea t   main tenance   cen ter   (pos te r ior )  , t h a t  is i n s e n s i t i v e   t o   t h e  s t i m u l u s  of 
temperature , r e l ays   co ld   r ecep to r   impu l ses ,   t r ansduc ing   t hese   i n to   sh ive r ing  
and   increased   hea t   p roduct ion .  An i n t e r r e l a t i o n   e x i s t s   b e t w e e n   t h e  two cen- 
ters - a n t e r i o r   i n h i b i t i n g   p o s t e r i o r " .  

Benzinger (10) c l a ims   t ha t ,  as a resu l t  o f   h i s   work ,  

11 The act ion  of   the  thermoregulatory  system  could now be   expressed   in  
terms o f   e x c i t a t i o n  and inh ib i t i on . . .   Moreove r ,   t he   ' s e t -po in t '  of the   regu-  
l a to ry   sys t em,   p rev ious ly  a t h e o r e t i c a l   c o n c e p t ,  w a s  def ined   exper imenta l ly . .  . 
and  reproduced  with  high  precision as a c h a r a c t e r i s t i c  of t h e  human thermostat  . . .w i th   s ign i f i can t   d i f f e rences   be tween   i nd iv idua l s " .  

From a r e c e n t   a r t i c l e   i n   S c i e n c e  by Myers and  Veale (16):  

11 According t o   t h e  monamine theory of thermoregulat ion ... s e r o t o n i n  (5-HT) 
and  norepinephrine (NE) a r e   r e l e a s e d   p o s s i b l y  as t r ansmi t t e r s   f rom  the   an te -  
r i o r  hypothalamus i n   f u n c t i o n a l   o p p o s i t i o n   t o   o n e   a n o t h e r   i n   o r d e r   t o   c o n t r o l  
the  temperature   of   an  animal   around a g i v e n   s e t   p o i n t . .  . Act ing   w i th in   t he  
same hypo tha lamic   s i t e ,   one   amine   ac t iva t e s   t he   hea t   p roduc t ion  pathway when 
the  animal is c o l d ,  and t h e   o t h e r   s t i m u l a t e s   t h e   h e a t - l o s s  pathway when the  
animal is warm.  However, the   theory   does   no t   account   for   the  mechanism i n  
the  central   nervous  system  whereby  temperature  is  i n t r i n s i c a l l y   s e t  and  main- 
t a i n e d   i n  most m a m m a l s  a t  a cons t an t   l eve l   o f  37OC or   thereabouts" .  

They  propose : 

11 The mechanism for t h i s  s e t  poin t   appears  t o  depend  on a constant   and 
inherent   balance  between  sodium  and  calcium  ions  within  the  poster ior   hypo-  
thalamus ''. 

O u r  c r i t i c i s m  is t h a t  none  of  the  reviews  have  arrived a t  a s a t i s f a c t o r y  
phys ica l   hea t   ba lance   ins ide   and   ou ts ide   the   body,   and   the i r   d i scuss ions  of 
so -ca l l ed   ' r egu la to ry '   o r   ' f eedback '   o r   ' s e t -po in t '   o r   ' t he rmos ta t t ed '  mechan- 
isms, a l l  d e a l i n g   d e s c r i p t i v e l y   w i t h   o p e r a t i o n   o f   r e l a t i v e l y   h i g h   f r e q u e n c y ,  
do n o t  make c l ea r   t he   phys i ca l   r equ i r emen t s   and   t he   cons t r a in t s   t hey   p l ace  on 
mechanisms.  Instead, w e  w i l l  now propose  one new and some s l i g h t l y   n o v e l  
p h y s i c a l   a n a l y s i s   t h a t  w i l l  show t h a t  most  of the  thermal   response is  n e a r l y  
an   au to regu la to ry   r e sponse .  We s h a l l   p r o p o s e   t h a t   ' s e n s i n g '   ( e . g . ,   c e n t r a l  
o r   s k i n )   o r   ' c o n t r o l '  mechanisms ( a l s o   c e n t r a l   o r   p e r i p h e r a l )   h a v e   a r i s e n   t o  
augment   and  expedi te   the  autoregulatory  response.  

Furthermore,  w e  w i l l  propose,  more . g e n e r a l l y ,   t h a t   e s s e n t i a l l y  a l l  con- 
t r o l  mechanisms  have   fo l lowed  ( in   phylogenet ic   evolu t ion) , the   au toregula tory  
funct ion. ,general ly   concomitant   with  the  rapid  chemical ly   react ive  f low streams 
wi th in   l iv ing   organisms.   Sensors  , w e  sugges t ,   f o l low  func t ion ,   i n   evo lu t ion .  
When a func t ion  is  t he re   c rude ly ,   s e l ec t ion   p re s su re ,   t h rough   muta t ion ,  w i l l  
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s e l e c t  a genet ica l ly   codable   p rocess   tha t   augments   the   func t ion .  It is ' p r e -  
c i p i t a t e d '   i n t o   t h e   , i n t e r n a l   m i l i e u .  

Loose ly ,   t he   co r t ex   a s s igns  a task  to   the  body.   Through  nervous  channels ,  
i t  organizes   and   coord ina tes   the   musc le   pa t te rns   tha t  w i l l  be  used i n   t h e   t a s k .  
(We are discussing  this   over   an  epoch  for   which.   thermodynamic  equi l ibr ium w i l l  
b e   n e a r l y   e s t a b l i s h e d .  This means a per iod   of   the   o rder   o f  3-4  Hours). How- 
e v e r   t h i s   d o e s   n o t   g u a r a n t e e   t h e  thermodynamic  engine  capabi l i ty   to   perform 
t h e   t a s k ,  as the  following  crude  argument will show. 

The c o r t e x   a s s i g n s  a nomina l   ve loc i ty   t o   t he   body   and   t hus   t o   t he   p rac -  
t iced  muscle  s e t .  It d o e s   n o t   a s s u r e   t h e   r e s i s t i n g   f o r c e   s t r u c t u r e   t h a t  w i l l  
be   discovered  (e .g . ,   walking  over   rough  ground)   in   performing  the  task.  How- 
eve r  

P = CFxV 

P = power ( ' shaf t   horsepower '  , here  'metabolism') 

F = r e s  is t ing   forces  

V = l o c a l   v e l o c i t i e s  

P = M = C AQox 

M = metabol ic   expendi ture  

AQox = oxygen  consumption 

C = approx ima te   cons t an t   r e l a t ing   hea t  power  and  oxygen  consumption 

Thus the   musc les   can   a t tempt   to   deple te   loca l  t i ssue of  oxygen. 

I n   t h e   p h y s i o l o g i c a l   p i c t u r e ,   t h e   t i s s u e  is maintained a t  a f a i r l y   h i g h  
par t ia l   p ressure   o f   oxygen ,   and  i t  is nervous  control  which w i l l  determine 
how  much oxygen w i l l  be  str ipped  from  the  blood  supply.   For  example,   the 
a r t e r i a l  oxygen concen t r a t ion   (w i th  a heme c a r r i e r )  is about  19-20 v o l .  %. 
On the   ave rage ,   t he   venous   ex i t  a t  the  end  of t h e   c a p i l l a r y  exchange  bed is 
about  15 v o l .  %, f o r   a n   a - v   d i f f e r e n c e  of  about 5 v o l .  %; b u t   € o r   a n   a c t i v e  
' m u s c l e '   l i k e   h e a r t ,   t h e   a - v   d i f f e r e n c e  is 15 v o l .  %. 

We h a v e   o f f e r e d   a n   e n t i r e l y   d i f f e r e n t  dynamic p i c t u r e .  Based  on our own 
observa t ions   o f  a l o c a l   h e a t   p u l s i n g   i n  a l l  t i s sue  ( t h a t  i s ,  as measured  by 
dT/dt , where  temperature T is  averaged   over   an   apprec iab le   s ize ,   approximate ly  
1 m, t o  span   mic rovascu la r   f ea tu re s ) ,  we f ind   t he   hea t   p roduc t ion   pe r   un i t  
mass o r  volume o f   t i s s u e   t o   b e   o s c i l l a t o r y .  The highzst   coherent   f requency  of  
about  1 cyc le   pe r  100 seconds,  w e  proposed, was a fol lower  engine  for   muscle  
power. It is o u r   c o n t e n t i o n   t h a t   t h e   m u s c l e   f i b e r  is a n   u n s t a b l e   e n g i n e   e l e -  
ment. I f   s u p p l i e d   w i t h  oxygen i t  w i l l  t ake  up as much oxygen as is  a v a i l a b l e .  
Thus, we p remise   t ha t   t he   musc le   f i be r  m u s t  be  oxygen  flow  limited.  This  flow 
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t a k e s   p l a c e  by t r a n s f e r  f rom  the   cap i l l a r i e s .  We h a v e   a l s o  shown t h a t   r e d  
c e l l  flow i n   c a p i l l a r i e s  i s  o s c i l l a t o r y   ( n o t   t h e  p l a sma   f low,   bu t   t he   f i l e  
o f   r e d   c e l l s ) .  Thus ,  we suggest  , muscle  zones are ne rvous ly   i nne rva ted   t o  
provide a ve loc i ty ;   t he   musc le s  u s e  up l o c a l  oxygen; a combustion  by-product, 
s a y  C 0 2 ,  o r   l a c t a t e ,  may then   ' speak '   t o   such   ' ampl i f i e r '   s t ruc tu res  as the  
mast ce l l s ;   these   then   ' speak ' :   pharmacologica l ly   th rough  'h i s tamine '   (o r   by  a 
c h e m o - e l e c t r i c   g a t i n g   c o n t r o l )   t o   t h e   c a p i l l a r i e s .   T h i s  is a very  long  spec- 
u l a t i v e   c h a i n .  One p iece   o f   ev idence   for  i t  i s  the   dppearance  of  a low c y c l i c  
t issue p res su re  (Whalen, (17) )  wi th   about   the  proposed  per iod.   Convent ional ly ,  
p h y s i o l o g i c a l   l i t e r a t u r e   c o n s i d e r s   t i s s u e   p r e s s u r e   t o   b e   h i g h   ( o f   t h e   o r d e r  
of  15 mm Hg) , whereas w e  b e l i e v e   t h a t  Whalen has shown a t issue p res su re  
osc i l l a t ing   be tween  0-5 mm Hg, implying  an  active  mechanism. 

I n   o u r   p i c t u r e  oxygen  uptake,  and  thus  metabolism, are fo l lowers   o f   re -  
s i s t a n c e   t o   m u s c u l a r   e f f o r t .  

Note t h a t   p m e r . c o n s u m p t i o n   h a s   e s s e n t i a l l y   n o t h i n g   t o  do with  ambient  
temperature.  As a f i r s t   a p p r o x i m a t i o n   t h i s  is  t r u e ,  as is  i n d i c a t e d  by d a t a  
for   the  ambient   temperature   range 20-35OC. 

However, i n  a loose   s ense ,   t he   body   i n t e r io r   ( i t s   ' co re ' )   has   t o   be  
thermoregulated.   This   task is a s s igned  t o  an  automatic  (autonomic)  nervous 
func t ion .  The physiologis ts   have  sought  a s p e c i f i c   s i t e   t o   a c t  as a 'thermo- 
s t a t ' ,  a ' s e t - p o i n t '   f o r  a temperature   control ler   and  normally  found i t  i n   t h e  
hypothalamus.  However, as we w i l l  show, i t s  s h a r p   ' c o n t r o l '   c h a r a c t e r i s t i c s  
a r e  more i l l u s o r y   t h a n   t h e y   r e a l i z e .  The impor tan t   func t ion   tha t   t akes   p lace  
is a redivis ion  of   blood  f low  between  the  core   and  the  per iphery  to   achieve 
the   co re   t he rmoregu la t ion .   Nomina l ly ,   t he   co re   ac t s   such   t ha t ,   i f   any   r eg ion  
g e t s   t o o  w a r m  ( e . g . ,  by v i r t u e  of a h i g h   p r o d u c t i o n   o f   l o c a l   h e a t   i n   t h e  two 
minute  thermodynamic  engine  cycle),   there is a fo l lower   ac t ion   by   t empera ture  
sens ing  a t  the   hypotha lamus   and   the   loca l   t i s sue   to   p rovide   tha t   reg ion   wi th  
more blood.   This   takes   place a t  t h e   a r t e r i o l a r   l e v e l  a t  t he  400 second  time 
s c a l e .  (A direct   proof   of   the   long  term  adapt ive  nature   of   the   vasculature  
was provided by an  experiment  reported  by Hanunel. A h e a t e r ,   i n   t h e  5-10 w a t t  
range,  was implanted  in  a sheep. Its sur face   t empera ture  was h o t .   A f t e r  a 
period  of  weeks i t  was co lder   than   sur rounding  t issue.  The  change i n   v a s c u l a -  
ture  providing  compensatory  heat  exchange.)  

Thus, i f   an   o rgan   i nc reases  i t s  a c t i v i t y  (as w e  discussed  for   muscle)  , 
t h e r e  is an   i nc reased   r ed   ce l l   supp ly  demanded i n   t h e   c a p i l l a r i e s   a n d   t h e   i n -  
t e r n a l   o r g a n   h e a t s  up.  This is sensed  by  the  hypothalamus  (e.g. ,   the  hypo- 
thalamus  out l ines   the  body  in  a thermal   mix ing   sense)   and   poss ib ly   loca l ly  

t r a n s d u c e r s ) .  A resubdivis ion  of   blood  takes   place  and  cools   the  local   region.  
T h i s   f o l l o w e r   a c t i o n   s u p p l i e s   b l o o d   i n   p r o p o r t i o n   t o   t h e   l o c a l   ' a c t i o n ' .   I n  
the  case  of   the   skin,  i t  is both  the  hypothalamus  and  the  thermal   sensi t ivi ty  
of   the   microvascula ture   and   poss ib ly   sk in   t empera ture   sensors   tha t   he lp   to  
resubdivide  the  blood  between  core  and  skin.  

( specula t ive ly   th rough  thermal   sens i t ive  hormone: (chemica l )   s igna ls ,   o r   nervous  

Note  the  elegance of the   sys  tem. The same b l o o d   c a r r i e r  , poss ib ly   by   the  
same hypothalamic  a lgori thm,  s imultaneously  subdivides  i t s  flow among c a p i l l a r y  
c a r r i e r s   ( n u t r i e n t   a n d   n o n - n u t r i e n t   s h u n t s )   t o   p r o v i d e  t h e  oxygen fo l lower ,   t he  
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'oxygen choke', t o   r u n   t h e   l o c a l  thermodynamic  muscle  engine;  the  local  heating 
cal ls  up  more loca l   b lood   pe r fus ion   t o   ' pu t   t he   t he rma l   f i r e   ou t  ' , unwi t t i ng ly  
t o   b e   a b l e   t o   f o l l o w   t h e   i n c r e a s e d  oxygen  demand;  and a t  t h e  same time i t  can 
f o l l o w   t h e   e x t e r n a l   s k i n   h e a t i n g   t o   p u t   t h e   t h e r m a l   f i r e   o u t   b y   s u p p l y i n g  more 
blood  f low,   unwit t ingly  providing a path  to-get-r id-of   the more d i f f i c u l t  
h e a t  . 

However a n   a d d i t i o n a l   f u n c t i o n  is achieved.  The increased  su;rface  blood 
flow  has a c o r o l l a r y   c a p a b i l i t y   t o   t r a n s f e r  plasma - water - ou t   o f   t he   cap i l -  
laries. The t r a n s f e r   c a p a b i l i t y   e x i s t s   i n  a l f  c a p i l l a r i e s  , b u t   t h e r e  is a 
s p e c i a l i z a t i o n   i n   s u r f a c e   t r a n s f e r .   I n   t h e  human, t he re   a r e   swea t   g l ands .  
The c o r o l l a r y  of  waves  of heat   f low  via   the  perfusion  blood  heat   exchanger  is 
waves o f   e v a p o r a t i v e   t r a n s f e r   v i a   t h e  sweat g l ands .  The sweat glands show a 
twinkl ing  performance  ( in  number opening   per   un i t   t ime  per   un i t   a rea)  similar 
t o   t h e   r e d   c e l l   f i l e   i n   c a p i l l a r i e s .  

The  two p rocesses ,   sh i f t i ng   f l ow  and   me tabo l i c   ou tpu t   t o   t he   pe r iphe ry  
and s h i f t i n g   e v a p o r a t i v e  water exchange t o   t h e   p e r i p h e r y ,   a r e   c o n c o m i t a n t .  
This r emark   does   no t   cha rac t e r i ze   t he   phase .   Phase   r e l a t ions   a r i s e   because  
the  consequences  of  the  slow  blood  follower upon metabolism (400 seconds)  and 
upon e v a p o r a t i o n   a r e   d y n a m i c a l l y   i n t e r r e l a t e d   i n   t h e i r   e f f e c t  upon the  hypo- 
thalamus . 

We re turn   to   the   ques t ion   of   equi l ibr ium  and   re fer   to   Benzinger ' s   rev iew.  
In   h i s   da t a ,   Benz inge r   neve r  makes c l e a r  when he   has   an   equ i l ib r ium  s i t ua t ion .  
Thus  one m u s t  a lways   ana lyze   h i s  da ta  w i t h   g r e a t   c a r e .  We s u s p e c t   t h a t ,   t y p -  
i c a l l y ,   B e n z i n g e r ' s   r e s u l t s   p r e s e n t  dynamic da ta ,   l i ke ly   ave raged   ove r   t he  two 
minute   processes ,  i . e .  , t h e   f a s t   c h a n g e s   t h a t  w e  sugges t   t ake   p l ace   w i th in  two 
minutes   a re   averaged   over ,  s o  t h a t   t h e i r   e x i s t e n c e   c a n n o t   b e   d e t e c t e d   i n   h i s  
d a t a  . 

Figure  1.5 is a composite  of  Benzinger 's   Figures 9B and 18 which  represent 
respec t ive ly   the   "metabol ic"   o r   chemica l"   response   to   co ld   o f  a water  immersed 
sub jec t   and   t he   swea t ing   r e sponse   t o   hea t .  It is impl ied   in   (10)   tha t   the  meta 
bol ic   response  curve is  to   be   cons ide red   t o   r ep resen t   t he   me tabo l i sm  vs .  tem- 
pe ra tu re   even   fo r  a sub jec t   no t  immersed i n   w a t e r .  
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To Benzinger ' s   phys io logica l   da ta  we add   one   ex terna l   phys ica l  l a w  

M - E = h(Ts - Ta> 

- 
where Ts is the  mean sk in   t empera tu re .  

This l a w  s t a t e s   t h a t   r e g a r d l e s s   o f   i n t e r n a l  mechanism, the   ne t   hea t   p roduced  
mus t  b e   c a r r i e d   o f f  by an   equiva len t   ' conductance ' .   This  is e s s e n t i a l l y  a 
s t a t e m e n t   o f   t h e   f i r s t  l a w  of  thermodynamics. We sh? 11 show t h a t  a p l a u s i b l e  
magnitude  for h is  7 kcal/m2/hr/OC. We p o i n t   o u t   t h a t   t h i s  law holds  only a t  
e q u i l i b r i u m .   F o r   t r a n s i e n t   c o n d i t i o n s  a time  dependent  term must  be  added. 

We now examine   the   da ta   in   F igure  3.5 t o   s e e   i f   t h e y   s a t i s f y   t h e   a b o v e  
r e l a t i o n .  We f i n d   t h a t   i f  one s e a r c h e s ,   e s s e n t i a l l y  by t r i a l  and   e r ro r ,   he  
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can   f i nd   s e t s   o f  mean skin  and  temperatures ,   metabol ism  and  evaporat ive  heat  
loss which, when t aken   w i th   o the r s   r e su l t s   fo r   ambien t   ' t empera tu re ,   s a t i s fy  
the  re la t ion.   For   example  the  combinat ion Ts = 35oC, Tr = 36.9OC, M = 40 
kcal/m2/hr,  E = 45 kcal /m2/hr   y ie lds  Ta = 36OC, c l o s e   t o  a repor ted   va lue  of 
35OC (c f .   Ca r l son   (6 )   o r  Newburgh ( 3 ) ) .  Such a combinat ion  represents   an . 
opera t ing   po in t   a round  which   the   var ious   parameters   osc i l la te   wi th   an   approx-  
imate two minute   per iod.  To i l l u s t r a t e ,   i f  Tr were t o   f a l l  below 36.9OC then 
E would f a l l ,   h e a t  would  be  stored  and Tr would  go  up,  eventually  overshooting 
36.9OC.  Then E would r i s e ,   e x c e s s   h e a t  would  be l o s t ,  and T r  would f a l l .  
Thus Figure  3 .5  is a p i c t u r e   o f  dynamic  thermoregulat ion.   Operat ing  points  
based  on  Benzinger 's   data  can  be  found  for Ts 2 33OC. Below t h i s   t h e   s o - c a l l e d  

metabolic  response' '  is supposed t o   p r o v i d e   t h e   r e g u l a t i o n .  However, as s e v e r a l  
i nves t iga to r s   have  shown, t h e r e  is  only a 20-30%' rise i n   t h e   e q u i l i b r i u m   v a l u e  
of M between Ta = 25OC and O°C. Benzinger ' s   da ta   ind ica te  a doubl ing   or  
t r i p l ing   o f   t he   basa l   me tabo l i sm  to   ob ta in   ope ra t ing   po in t s   be low Ts X 3OOC. 
H e  g e t s   t h i s  resu l t  appa ren t ly   because   h i s   da t a  are dynamic d a t a  - i t  has  been 
shown that   metabol ism may vary by a f a c t o r  of two o r   t h r e e  on a two minute 
s c a l e .  The ex t rapola t ion   of   such   da ta   to   de te rmine   equi l ibr ium  va lues  is very 
r i sky .   (Th i s   i s sue   o f  dynamic VS.  equi l ibr ium  data   has   been  analyzed more 
f u l l y   i n   o u r  NASA Report CR-141 ( IC)   bu t ,   unfor tuna te ly ,   recent   rev iews   have  
not  taken due notice  of  our  work.)  
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Because  he is  evident ly   mixing dynamic  and equi l ibr ium  da ta   o r   concepts ,  
B e n z i n g e r   s t a t e s   ( i n  ( l o ) ,  Figures  14,  15, 16)   tha t   the   apparent   ex is tence   o f  
a "discordant"   re la t ion  between  sweat   ra te   and  skin  temperature  is "paradoxical 
and  'ant ihomeostat ic" ' ,   a l though  sweat   ra te   and  central   hypothalamic  temperature  
are  "concordant".  He s t a t e s   t h a t  when h e   s t a r t e d   h i s  1958  work "It w a s  expected 
tha t   sweat ing  would fo l low  the   ave rage   t empera tu re   o f   t he   sk in   i n   t he   c l a s s i c  
t r ad i t i on ,   w i th   sk in   warm- recep to r s   a s   t he   hypo the t i ca l   o r ig in   o f   exc i t i ng  
warm-impulses  and cen t r a l   t empera tu re   p re sc r ib ing   t he   ac t ion  of ' thermoregu- 
l a t o r '   i n  some as  yet  undetermined  manner. The expe r imen ta l   r e su l t s  d i d  not  
suppor t   those   expec ta t ions ."  He t h u s   p o i n t s   o u t   " I n   s p i t e   o f   t h e   t r i t e   o b s e r -  
v a t i o n   t h a t  man i n  a warm environment  has a w a r m  s k i n  and swea t s ,   an   oppos i t e  
r e  la t ion w a s  p re sen t  I y  s een" . 

We have  argued,   s ince  1965,   that   Benzinger 's   data   can  only  be  understood 
as pa r t   o f  a dynamic  model. We s t a r t e d  from a model in  which  metabolism  and 
evapor ta t ion   were   l a rge ly   var iab le ,   and   tempera ture   modera te ly  s o .  We have 
used  Benzinger 's   data  to  augment  our model t o   t h e   e x t e n t   t h a t  we r e a l i z e d  
tha t   metabol i sm  and   evapora t ion   a re   fundamenta l ly   t i ed   toge ther ,   no t   by  a 
' s ta t ic '   va lue   for   hypotha lamic   t empera ture ,   bu t   in  some l a r g e   s c a l e   a u t o -  
r egu la to ry   cha in ,   w i th   abou t  a seven  minute   t ime  scale .  

Thus Benzinger ' s  f i g u r e s  , providing  dynamic da ta  (Figures  14 , 15 , 16) 
p rove   t he   r ea l i t y  of the model t h a t  we o f fe red   h im.   Bas i ca l ly ,  as we have 
i n t e r p r e t e d  i t ,  us ing   our  dynamic model l ing  and  Benzinger 's   data ,  a n e a r l y  
regulated  hypothalamic  temperature  Tr  a lways  cycles  a l i t t l e   ( v i a  dynamic 
r egu la to ry  mechamisms). As Tr  drops,   metabolism M r i s e s  and  evaporation E 
f a l l s  , skin  temperature  Ts r i s e s ;  Tr r i s e s ;  M f a l l s ;  E rises ; Ts f a l l s ;  T r  
f a l l s  , e t c .  
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There is s t i l l  n o t  a model fo r   t he   r egu la t ion   o f   t he   me tabo l i sm  bu t ,  
given i ts  r e g u l a t i o n ,  we s h a l l  show a novel  view  of  the  dynamics  of  evapora- 
t i o n .  We b e l i e v e   t h i s  new model  has  important  bearing on t h e   c h a r a c t e r   o f  
f e v e r .   F u r t h e r ,  w e  b e l i e v e  we  can   account   for   the   average  s ta te  of  thermo- 
r e g u l a t i o n .  The ne t   e f f ec t   o f   ou r   mode l l ing  is t o  narrow  the  range of  physi-  
o l o g i c a l  mechanisms r equ i r ed   t o   accoun t   fo r   t he rmoregu la t ion   and  i t s  break- 
down. 

I n   p a r t i c u l a r ,  i t  is  common t o   s e e   t h e   f o l l o w i n g   e q u a t i o n s   w r i t t e n   t o  
account   for   thermoregulat ion.  

M - E = h(Ts - Ta) 

fo r   t he   hea t   t r ans fe r   t h rough   t he   ex te rna l   boundary   l aye r ;  and 

fo r   t he   hea t   t r ans fe r   t h rough   t he   pe r iphe ra l   conduc tance .  The second  equat ion 
s t a t e s   t h a t  a t  equi l ibr ium,   the   metabol ic   hea t   p roduced   wi th in   the   core  is  
conducted  through a p e r i p h e r a l   l a y e r   b e t w e e n   t h e   n e a r   l i n e a r   g r a d i e n t  of ' c o r e '  
(Tr) t o   s k i n .  We h a v e   o f f e r e d   e v i d e n c e   t h a t   t h i s   l a y e r   s h o u l d   b e   i d e n t i f i e d  
n o t  as a ' s k i n '   l a y e r   ( t o   t h e   f a s c i a )   b u t  as a dep th   t o   t he   midd le  of t he  mus- 
c l e   l a y e r .  

We now submi t   tha t   th i s   second  equat ion  is incomplete.  We expressed o u r  
prel iminary  uneasiness   on  the  paradoxes  in   the  heat   f lux  and  temperature   po-  
t e n t i a l s   i n   ( I C )   ( s e e   p p .   2 9 - 3 4 0 f   t h a t   r e p o r t ) .  

The bas ic   novel   idea  we add is tha t   t he   hea t   wh ich  i s  t o  make i t s  passage 
v ia   the   per iphera l   'musc le-sk in '   l ayer  is no t   ' conduc ted '   so l e ly   v i s - a -v i s  a 
the rma l   g rad ien t ,   bu t   t ha t  a s i g n i f i c a n t   p a r t   o f  i t  may be  absorbed  in   the 
passage as a subsur face   ' evapora t ion ' .  The sweat g l a n d s   a c t  as i f  they  pene- 
t r a t e   w e l l   i n t o   t h e   l a y e r   a n d   t h e   ' p o t - b o i l i n g '   o f   w a t e r   t a k e s   p l a c e   d e e p   i n  
t h e   t i s s u e .  Thus we would w r i t e ,   f o r  a second  equat ion ,   in   the   l imi t ing   case  
of t o t a l ly   subsu r face   evapora t ion :  

- 
M = C (Tr - T s )  -t E 

In  this   very  rudimentary  form,   the two equa t ions   sub t r ac t ,   l ead ing   nea r ly ,  
t o  

h (Ts - Ta) = C(Tr - Ts) 
I f  we take Tr  a 37OC, h W 7 kcal/m2/hr/'C; C = 10  kcal/m2/hr/oC  for  vaso- 

c o n s t r i c t e d   t i s s u e   ( e . g . ,   i n   t h e   c o l d ) ;   o r  C = 30  kca1/m2/hr/'C f o r   v a s o d i l a t e d  
t i s s u e   ( e . g . ,   i n   t h e  w a r m )  we g e t  

- 
Ts = 22 -1- .41 Ta i n   t h e   c o l d  

- 
Ts = 30 -t .19 Ta i n   t h e  warm 
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We p l o t   t h e s e   ' c u r v e s '   a n d  compare  them wi th   the   exper imenta l   da ta  (see Carl- 
son ( 6 ) ,  data  from  Hardy  and DuBois (18) and  Wezler (19))., Figure 6 .  

The c lose   ag reemen t   sugges t s   t ha t   t he   nove l   i dea   o f   t he  mechanism f o r  
'blowing  off steam' from  below t h e   s u r f a c e  as a major  element  in  thermoregu- 
l a t i o n   m e r i t s   f u r t h e r   p h y s i o l o g i c a l   c o n s i d e r a t i o n .  (A more s o p h i s t i c a t e d  
t reatment  is g i v e n   i n   t h e   n e x t   s e c t i o n . )  

We recap i tu l a t e . .   No te   t ha t   bas i ca l ly  we used  only  minimal  assumptions: 
one, a p h y s i c a l  model  of  the  equivalent  conductance  of an a i r  boundary  layer ;  
two, a phys ica l -phys io log ica l  model t h a t   t i s s u e   v a s o d i l a t e s   a n d   v a s o c o n s   t r i c t s  
and   thus   p resents   l imi t ing   condus tances   o f   ' f a t  ' and 'water' ; t h r e e  , t he  
assumption  of a core  thermoregulated a t  37OC; and  four ,  a physical-physiolog-  
i c a l   a s s u m p t i o n   t h a t   t h e   e v a p o r a t i v e   h e a t   c a n   b e   a b s t r a c t e d   m a i n l y   s u b s u r f a c e .  
We p o i n t   o u t   t h a t ,   w i t h   r e g a r d   t o   t h e  l as t  assumption, i n   t h e  l i m i t  i t  i n t e r -  
s e c t s   w i t h  a l imi t ing   phys ica l   assumpt ion   in   which   the   psychrometr ic   charac te r  
o f   t h e   e n t i r e  body ( i . e .  , i ts  w e t  bulb-dry  bulb  depression)  governs.   This 
takes   p lace  when t h e   ' e n t i r e   s k i n '  of  the  body is  w e t t e d .   T h i s   s t a t e  was 
explored  by  Kerslake  and  colleagues ( 2 0 ) .  

With these  assumptions we have shown that   skin  temperature   can  be  accounted 
f o r  by e s s e n t i a l l y   p h y s i c a l   r e a s o n i n g .  Thus we are l e f t   w i t h   e s s e n t i a l l y  two 
a d d i t i o n a l   p h y s i o l o g i c a l   ' f a c t s   t o   e s t a b l i s h ;   o n e ,  how o r  why t h e   i n t e r n a l  
temperature i s  thermoregulated a t  3 7 O C ;  and  two, how, when, o r  why t i s sue   vaso -  
c o n s t r i c t s   o r   d i l a t e s .  (In a n   e a r l i e r   s t u d y   ( l h )  , we repor t ed  on an   exper i -  
menta l   observa t ion   f rom  our   l abora tory .  The m i c r o v a s c u l a t u r e   ( c a p i l l a r i e s )  
seemed t o   v a s o c o n s t r i c t   o r   d i l a t e   i n   m u s c l e ,  j u s t  as in   sk in ,   depend ing  on 
temperature.  Below 3OoC muscle t i s sue  t empera tu re ,   t he   t i s sue  w a s  t i g h t l y  
c o n s t r i c t e d ;  i t  appeared  blanched. Above 35OC, t h e  t issue w a s  h ighly   vaso-  
d i l a t e d .  We t h u s   b e l i e v e ,   a s i d e  f rom  any   chemica l   sens i t iv i ty   tha t   they  may 
h a v e ,   t h e   c a p i l l a r i e s   a r e   c e r t a i n l y   s e n s i t i v e   t o   t e m p e r a t u r e  .) 

With t h i s   p r e l i m i n a r y   i n t r o d u c t i o n ,  we can  carry  on  our  modelling. 
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B .  Steady-State  Thermoregulation 

I n   t h i s   s e c t i o n  we  p roceed   t o   quan t i fy  some of the   i deas   p re sen ted   i n  
the   In t roduc t ion .  Here we a r e   p a r t i c u l a r l y   c o n c e r n e d   w i t h   t h e   p h y s i c a l -  
phys io logica l   s t ruc ture   o f   the   thermoregula tory   sys tem.  

Understanding  of   the  s teady-state   behavior   of  a system is a necessa ry  
p r e r e q u i s i t e   t o   s t u d y   o f   t h e   s y s t e m ' s  dynamic  behavior. Thus f o r   t h e   p r e s e n t  
we c o n f i n e   o u r   a t t e n t i o n   t o   d e v e l o p i n g  a s t e a d y - s t a t e  model  of  thermoregula- 
t i o n .  The t ime   r equ i r ed   fo r   t he   body   t o   r each  a thermodynamic  equilibrium is 
on the   o rde r  of three   to   four   hours .   S imple   observa t ion  shows  obvious  changes 
i n   s u r f a c e   c o n d i t i o n s   f o r  a t  l e a s t   t h i s   l o n g  a pe r iod .  Data obtained  over 
shor te r   per iods   should   be   cons idered  as dynamic  and  should  be  extrapolated  to 
r ep resen t   t he   s t eady- s t a t e   on ly   w i th   g rea t   cau t ion .  

I n   o r d e r   t o   i d e n t i f y  and c l a r i fy   t he   bas i c   phys i ca l   and   phys i ca l -phys io -  
l og ica l   i s sues   i nvo lved   i n   t he   s t eady- s t a t e   t he rmoregu la t ion  we formulate  the 
problem  in   the  fol lowing way: 

We c o n s i d e r   t h a t   t h e r e   a r e   e s s e n t i a l l y  two  independent   var iables ,   the  
ac t iv i ty   l eve l   o f   t he   sub jec t   ( e .g . ,   r e s t ing ,   wa lk ing ,   runn ing)   cha rac t e r i zed  
by   h i s   me tabo l i sm  (pe r   un i t   t o t a l   su r f ace   a r ea )  M y  and the  environmental   con- 
d i t i o n s  of   the   exper iment ,   which   can   be   essent ia l ly   charac te r ized   by   an   "e f -  
f ec t ive" ,   o r   ope ra t ive" ,   t empera tu re .   Th i s   e f f ec t ive   t empera tu re  is  a p re -  
scribed  combination  of  the "air" temperature   and  the  radiat ive ''wall" tem- 
peratures .   For   our   purposes  we s h a l l   g e n e r a l l y   c o n s i d e r   t h e s e  two temperatures 
t o   b e   t h e  same and  indicate   the  "ambient"   temperature  as Ta .  Other   environ-  
mental   factors   important   under  some c o n d i t i o n s   a r e   t h e   r e l a t i v e   h u m i d i t y ,  wind 
v e l o c i t y ,  s i z e  of   the room i n  which  the  experiments   are   performed,   and  or ienta-  
t i o n   o f   t h e   s u b j e c t .  The e f f e c t s   o f   t h e s e   f a c t o r s  w i l l  be  considered a t  t h e  
appropr ia te   po in ts   be low.  

11 

Given  the  independent  variables , one s e e k s   t o  model t he   sys t em  in   o rde r  
t o   p red ic t   t he   obse rvab le   dependen t   va r i ab le s .  O f  i n t e r e s t   a r e   t h e   d e e p  body 
temperature T r y  t h e   e v a p o r a t i v e   h e a t   l o s s e s   ( p e r   u n i t   t o t a l   s u r f a c e   a r e a ) E ,   a n d  
the  mean su r face   sk in   t empera tu re  Ts .  (The  metabolism M has a small dependence 
on Ta  which we s h a l l   n o t   t r y   t o  model a t  t h i s   p o i n t .  A q u a l i t a t i v e  view  of 
this  dependence was g iven   i n   t he   In t roduc t ion . )  The data wh ich   a r e   ava i l ab le  
for   the  dependent   var iables   were  presented  in   Figure 1.3. These data r e p r e s e n t  
averages   over   the   publ i shed   va lues   ( IC,  18, 21-25)  of   each  var iable  a t  the   g iven  
ambient t empera tu re .  A l l  t h e   d a t a   a r e   f o r  nude o r   nea r ly   nude   i nd iv idua l s   sub -  
j e c t   t o  low wind ve loc i ty   (about  15 f t /min)   and low r e l a t ive   humid i ty   ( l e s s   t han  
30%) cond i t ions .  The t e m p e r a t u r e   d a t a   a r e   f o r   r e s t i n g   s u b j e c t s .  

The re   a r e   s eve ra l   no tewor thy   f ea tu re s .  An impor tan t   fac t   in f luenc ing  
r e a l i s t i c   m o d e l l i n g  i s  t h a t ,   f o r  a c h o s e n   a c t i v i t y ,   e . g . ,   r e s t i n g ,   t h e   m e t a b -  
olism  changes  only  about 30% over a wide  range  of  temperatures. (The d o t t e d  
l i n e s   i n   F i g u r e  1.3a ind ica te   educa ted   guesses  as t o   t h e   e q u i l i b r i u m   l e v e l s  
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a t  h i g h   a c t i v i t y   a n d   t h e  limits of   surv ivabi l i ty . )   Thus ,   the   independent  
cho ice   o f   ac t iv i ty   e s sen t i a l ly   de t e rmines   t he   me tabo l i sm.  The evapora t ive  
h e a t  loss shows an  expected  behavior .  It is small a t  low temperatures  and 
then   " turns  on" a t  about  Ts 34OC .(Ta % 30OC, r e s t i n g )  and   increases   rap id ly  
t h e r e a f t e r .  The deep  body  temperature Tr  is nea r ly   cons t an t  a t  37OC. Expla- 
n a t i o n   o f   t h i s   f a c t  is one  of the   major   ob jec t ives   in   model l ing  tAe thermo- 
regulatory  mechanisms. 

This study  has  uncovered a number o f   i ncons i s t enc ie s   i n   t he   p rev ious  
model l ing   o f   thermoregula t ion .   In   o rder   to   d i s t inguish   sharp ly   be tween  re le -  
van t   phys i ca l  issues and e s s e n t i a l l y   p h y s i o l o g i c a l   i s s u e s ,  we w i l l  c o n s t r u c t  
a semi-phenomenological  model.  Thus, we assume tha t   t he   behav io r   o f  E and 
Tr  a r e  known (as given  in  Figure  1.3b  and 1 . 3 ~ )   f o r   r e s t i n g ,  nude ind iv idua l s  , 
and w e  s h a l l   t r y   t o  model Ts.  The physical  problem is t h a t  o f   h e a t   t r a n s f e r  
equilibrium  between  the  body  and  the  environment,   and  can  be  described as a 
de te rmina t ion  of t h e   h e a t   t r a n s f e r   c o e f f i c i e n t s   f o r   t r a n s f e r   t h r o u g h   t h e   s k i n  
(C) and t r a n s f e r   a c r o s s   t h e   s k i n - t o - a i r   b o u n d a r y   l a y e r   ( h ) .   C l a r i f i c a t i o n   o f  
C is  a phys ica l -phys io logica l   p roblem  s ince   the   na ture   and   s t ruc ture   o f   the  
skin  and  subcutaneous  layers   are   involved.   Understanding  of  h is e s s e n t i a l l y  
a phys ica l   p roblem  dea l ing   wi th   hea t   t ransfer   f rom a s u r f a c e   ( s k i n )   i n t o  a 
f l u i d  (a i r )  . We sha 11 t r e a t   t h e  phys i c a l  problem f i r s t  . 

Skin-to-Air  Conductance - Theory  of h 

The f i r s t   s t e p  is  to   de te rmine   empir ica l   va lues   o f   the   hea t   t ransfer  
c o e f f i c i e n t  h which we a r e   t r y i n g   t o  model. We d e f i n e  h by 

where now M and E have  been  modified  by  the  following  consideration.  About 
one-tenth (0.1) of   the  metabol ic   heat  is  l o s t  by  evaporation  through  the 
breath  and  hence i s  n o t   t r a n s f e r r e d   a c r o s s   t h e   s k i n .  Thus t h e  M and E above 
(and h e n c e f o r t h )   a c t u a l l y   r e p r e s e n t  (M - .1M) and (E - .1M) ( t h a t  is , they 
r ep resen t   t he   me tabo l i c   and   evapora t ive   hea t   t r ans fe r s   t h rough   and   ac ross   t he  
s k i n   p e r   u n i t   t o t a l   s u r f a c e   a r e a ) .  We so lve   the   above   equat ion   for  Ts, 

Ts = Ta -I- M- E 
h 

Using   the   da ta   in   F igure   1 .3  we can   p lo t  Ts vs .  Ta fo r   va r ious   va lues   o f  h 
(Figure 1 . 7 ) .  The s o l i d   d o t s   r e p r e s e n t   a v e r a g e s   o f   t h e  Ts d a t a   i n   t h e   l i t e r -  
a t u r e .  We s e e   t h a t   f o r  h t o   b e   c o n s i s t e n t   w i t h   t h i s   d a t a  i t  m u s t  vary  from 
about 7 kcal/m2/hr/OC a t  Ta  % 45OC t o   a b o u t  3 kcal/m2/hr/OC a t  Ta FJ 5OC. 

The theo ry   fo r  h can  be  developed  in a s t r a i g h t f o r w a r d  way. Three  fac- 
t o r s  are of   impor tance :   rad ia t ion ,   f ree   convec t ion ,   and   forced   convec t ion .  
The e f f e c t s  are e s s e n t i a l l y   a d d i t i v e   a n d   t h e   i n d i v i d u a l   c o n t r i b u t i o n s   c a n   b e  
found i n   s t a n d a r d   r e f e r e n c e s   ( e . g . ,  2 6 ,  27).  
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Radia t ion .  The h e a t   t r a n s f e r   c o e f f i c i e n t  due t o   r a d i a t i o n   c a n   b e  es t i -  
mated i n   t h e   f o l l o w i n g  way. We assume t h e   s k i n  is a p e r f e c t   b l a c k  body - 
i ts  e m i s s i v i t y  i s  0.99 (3 , p.  81) . I f  w e  take  the  - rad- ia tFve  environmental  
t empera ture   to   be   the   ambient   e f fec t ive   t empera ture  T a ,  t hen   acco rd ing   t o  
S t e f a n ' s  law t h e  body receives   -energy sTa4 p e r   u n i t   r a d i a t i n g   a r e a   p e r   u n i t  
time (s is Stefan ' s   cons tan t ,   t empera tures  T are i n  OK) and emits energy 
sTS4 p e r   u n i t   r a d i a t i n g  area p e r   u n i t  time. The e f f e c t h e   r a d i a t $ n g   s u r f a c e  
is about   th ree- four ths   o f   the   Dubois  area and s o  t h e   n e t   h e a t   r a d i a t e d  by t h e  
body pe r   un i t   t ime  is 

Hr = 0.75 X A X s X ( 7 s  - 7a4) - 4  

where s = 4.94 x k ~ a l / m ~ / h r / ( O K ) ~  

Then,  with H r  h r  = 
A(TS - Ta)  

we have 

I f  we  now pu t  ;s = 273 + Ts , 7, = 273 + Ta 

we have  hr  = 3.0 [: 1 + .0055(Ta + f s ) l  kcal/m2/hr/oC 

where Ta and Ts a r e   i n  OC . 
Using   the   da ta   g iven   in   F igure   1 .3  we p l o t   t h e   c o n t r i b u t i o n   o f   r a d i a t i o n  

t o   t h e   t o t a l   h e a t   t r a n s f e r   c o e f f i c i e n t   ( F i g u r e   1 . 8 ) .  We s e e   t h a t   h r  is i n   t h e  
range   3 .3   to  4.4 kcal /m2/hr/oC  for  0 5 Ta 5 5OoC. 

Free  Convection. The v a l u e   o f   t h e   h e a t   t r a n s f e r   c o e f f i c i e n t   f o r   f r e e  
convection  depends on the   t empera tu re   d i f f e rence   be tween   sk in  and a i r  and 
a l s o  on geomet r i ca l   f ac to r s .   These   i nc lude   t he   s i ze ,   shape ,  and o r i e n t a t i o n  
of t he   i nd iv idua l ,   and   t he   s i ze   o f   t he  chamber in   which  the  experiment  is 
performed. 

The a n a l y t i c a l   s o l u t i o n  of free  convection  problems is v e r y   d i f f i c u l t  
and  only  the  most  simple  problems  have  been  treated.  However t h e r e   e x i s t s   i n  
t he  l i t e r a tu re  ( c f .   t he   b ib l iog raphy   (26 ) )  a large  body  of  experimental   cor- 
re la t ions  which  summarize  the resul ts  of f ree   convec t ion   exper iments   in   bo th  
the  laminar   and  turbulent   regimes.  The c o r r e l a t i o n s   a r e   g e n e r a l l y   p r e s e n t e d  
in  dimensionless  form. (One must  e x e r c i s e  some cau t ion   i n   ex t end ing   t hese  
r e s u l t s ,   f o r   e x a m p l e ,  t o  bodies   o f   l a rger   phys ica l   d imens ions   than   those   for  
which  the  or iginal   correlat ions  were  obtained.)   Three  dimensionless   numbers ,  
o r  "groups", are  used i n   c o r r e l a t i n g   f r e e   c o n v e c t i o n   d a t a .  

The N u s s e l t  number Nu i n d i c a t e s ,   i n  some s e n s e ,   t h e   e f f i c i e n c y   o f   t h e  
convec t ion   p rocess ,   i . e . ,  i t  compares the   convec t ive   ene rgy   t r anspor t   t o   t he  
energy  that   would  be  t ransferred  by  s imple  conduct ion.  Thus f o r  a body  char- 
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I 

a c t e r i z e d  by a dimension D ,  t r a n s f e r r i n g   h e a t   i n t o  a medium of   conduct iv i ty  
k ,   for   which  a h e a t   t r a n s f e r   c o e f f i c i e n t  h is  measured,we d e f i n e  

C l e a r l y ,   i f  one knows the  N u s s e l t  number  one c a n   e a s i l y   c a l c u l a t e   h .  

The P r a n d t l  number P r  is a dimensionless  combination  of some a i r  proper- 
t i e s ,  P r . =   c p / k  = 0 . 7 1 ,   e s s e n t i a l l y  a c o n s t a n t .  

The Grashof number G r  r e p r e s e n t s   t h e   r a t i o   o f   t h e   b u o y a n t   f o r c e   t o   t h e  
viscous  force on an  'element ' : 

G r  = g-- D3AT 
V T  

where   the   acce le ra t ion   of   g rav i ty  g = 980  cm/sec , t he   k inemat i c   v i scos i ty  
v = .14  cm2/sec, AT = Ts - Ta , T is  the   abso lu t e   t empera tu re ,  and D is  the  
same cha rac t e r i s t i c   d imens ion  as i n   t h e   N u s s e l t  number. ( I f   t h e   i n d i v i d u a l  
is s i tua ted   such   tha t   d i s tances   be tween  h im  and   the  walls are smal le r   than  D ,  
then one m u s t  r ep lace  D in   the  Grashof  number  by that   smaller   dimension  (27,  
p .   181) .   S ince   th i s   t ends   to   decrease   the   buoyant   force   wi th   respec t   to   the  
i n e r t i a l   f o r c e s ,   t h e   f r e e   c o n v e c t i o n  may be   subs t an t i a l ly   suppres sed . )  

2 

Dimensionless  analysis  of  the  fundamental   transfer  equations  (26,  chap. 
23) shows t h a t  Nu is a func t ion   on ly   i f   the   p roduct  G r  P r .  The na ture   o f   the  
re la t ionship   depends  on the   par t icu lar   geometry   o f   the   s i tua t ion .  

To i l l u s t r a t e  we cons ide r  two c a s e s ,   t h e   f i r s t   w i t h   t h e   i n d i v i d u a l   i n  a 
ho r i zon ta l   pos i t i on ,   t he   s econd   w i th   h im  in  a v e r t i c a l   p o s i t i o n .   I n   b o t h  
cases ,   fo r   s imp l i c i ty   o f   mode l l ing ,  we cons ider   the   person   to   be .  a c y l i n d e r  
of diameter  about one foo t  and h e i g h t   a b o u t   s i x   f e e t .   F o r   h o r i z o n t a l   c y l i n -  
ders  we have  experimental   correlat ions ( 2 7 ,  p .  1 7 7 ,  180) f o r   h f r e e   ( i n   k c a l l  
m2 /hr/OC) 

= L ~ O ( A T ) ~ / ~   f o r  10 5 G r  P r  5 ( t u r b u l e n t )  , Ts > T a  9 
f r e e  

and 

= 1.57 (AT) f o r  10 5 G r  P r  5 10 ( laminar)  , Ts > T, 3 12 
h f r e e  

h f r e e  0.7 (AT) 'I4 f o r  3 x lo5 5 G r  P r  5 3 x l o l o (  laminar) , Ts Ta 

(This las t  r e s u l t  is  f o r  a h o r i z o n t a l   p l a t e ,   b u t   t h e r e  is  l i t t l e  d i f f e r e n c e  
be tween  p la te   and   cy l inder   resu l t s  .) 
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and 

= 1.16(AT) 10 2 G r  P r  ;S ( t u r b u l e n t )  , Ts > T, 
9 

h f r e e  

= 1.08(AT) 1 / 4  
h f r e e  10 4 15 G r  P r  5 ( laminar) ,  Ts > Ta 

(We p o i n t   o u t   t h a t   t h e s e   c o r r e l a t i o n s   w e r e  made from  measurements  on  objects 
perhaps as much as a f o o t   h i g h .   T h e i r   c o r r e c t   e x t r a p o l a ' t i o n   t o   s i x   f o o t  
h e i g h t s  is n o t   a s s u r e d . )  

I f  we eva lua te   the   Grashof  number acco rd ing   t o  i t s  d e f i n i t i o n ,   u s i n g  
7, 3000K, and  use P r  = 0 .71  then 

G r  P r  = 7 . 3  x 10 (AT) D = 6 f o o t   ( v e r t i c a l )  8 

T h u s ,   f o r   h o r i z o n t a l   p o s i t i o n s  , we should u s e  the   l aminar   reg ime  resu l t s ,  
w h i l e   f o r   v e r t i c a l   p o s i t i o n s  we should  use  the  turbulent   regime  resul ts .  

S ince   t he   pos i t i on   o f   t he   sub jec t  is  o f t e n  ROT s t a t e d ,   o r  a v a r i e t y   o f  
posi t ions  were  a l lowed  during  the same experiment , t h e   b e s t  w e  can  do is t o  
i n d i c a t e   l i m i t i n g   v a l u e s   i n   t h e   p o s s i b l e   r a n g e   o f   h f r e e .  The l a r g e s t   v a l u e s  
of h f r e e  come f rom  the   ho r i zon ta l   l amina r   r e su l t s   wh i l e   t he   sma l l e s t  come 
f r o m   t h e   v e r t i c a l   t u r b u l e n t   r e s u l t s .  When t h e   s k i n   s u r f a c e  is cooler   than  
the  environment we have   on ly   the   one   hor izonta l   l aminar   resu l t .  We s e e   t h a t  
hfree  never  exceeds 3.3 kca1/m2/hr/OC  and is never less than 1 .6  kcal/m2/hr/oC. 
(We remind t h e   r e a d e r   t h a t   t h e s e   e s t i m a t e s   a r e  made assuming  suf f ic ien t   space  
a r o u n d   t h e   s u b j e c t   t h a t   t h e   f r e e   c o n v e c t i o n  is  not   suppressed . )   Note   tha t   the  
va lues   o f   h f r ee   fo r   t he   ve r t i ca l   and   ho r i zon ta l   cy l inde r s  do n o t   d i f f e r   v e r y  
much from  each  other.   This  numerical   'coincidence'  is  a consequence  of a 
l e n g t h   t o   d i a m e t e r   r a t i o   o f   a b o u t  6 : l .  I t s  s i g n i f i c a n c e   t o  us  is  t h a t ,   i f  
t h e  two ' ex t r eme '   o r i en ta t ions  do   no t   y i e ld   d i f f e ren t   va lues   o f   h f r ee   t hen  
we expec t   tha t   those   va lues  of h f r e e   s h o u l d   b e   f a i r l y  good f o r   a n y   o r i e n t a -  
t i o n .  Thus value of h f r ee   ave raged   be tween   t he   ve r t i ca l   and   ho r i zon ta l   r e su l t s  
is shown in   F igu re  1.8. 

Forced  Convection. When the  a i r  i n   t h e   v i c i n i t y   o f   t h e   s u b j e c t  i s  d r i v e n  
by a p res su re   g rad ien t   t hen   t he   hea t   convec t ion  from  the  surface is  termed 
forced  convect ion.   For   such  cases   the  Nussel t  number is  co r re l a t ed   w i th   t he  
dimensionless  Reynolds number 

R e  = - DV 
V 

where D is  a c h a r a c t e r i s t i c   d i m e n s i o n ,  V is the a i r  ve loc i ty ,   and  v is the 
k inemat i c   v i scos i ty   o f  a i r .  I f  we assume a body to   be   r ep resen tab le  by a c y l -  
i n d e r  one foo t   i n   d i ame te r   t hen ,   r ega rd le s s   o f   whe th i r   t he   'w ind '  is blowing 
p a r a l l e l   o r   p e r p e n d i c u l a r   t o   t h e   a x i s ,  we have D = 1 f o o t .  The Reynolds num- 
b e r  becomes 
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I 

Re = 95V (V i n   f ee t /min )  

I n   t h e   c a s e   o f   f l o w   p a r a l l e l   t o   t h e   a x i s   o f   t h e   c y l i n d e r  we have  (26, 
pp.  554-557) 

= .4v 1 /2 
hforced 

0.8 
hforced = .07V V 2 400 f t / m i n   ( t u r b u l e n t )  

In   the   case   o f   f low  perpendicular   to   the   ax is   o f   the   cy l inder  we have 
(26,  p.  560) 

= .34v'466  0.4 5 v 5 40  f t /min  
hforced 

= .20V' 62 
hforced 40 e V ,< 400  ft /min 

N 

06V3'80 400 < V e 2500 f t / m i n  
N N  

Thus t h e r e  is  l i t t l e   d i f f e r e n c e  between r e s u l t s   f o r   p e r p e n d i c u l a r   o r   p a r a l l e l  
flow. The fo rced   convec t ion   r e su l t s   fo r   pa ra l l e l   f l ow  a re  shown in   F igure   1 .8  
f o r  V = 16 f t /min ,  V = 450 ft/min  (5  mph),  and V = 900 ft/min  (10  mph). 

A mathematical   problem  of  great  complexity  arises when both  f ree   and 
forced  convection  occur  simultaneously.  McAdam's (27 , p .  258)   sugges t ion   tha t  
the   h igher   va lue  be  used ra i ses   doubts  when hforced   and   hf ree   a re   o f   the  same 
order   as   occurs   in   our   problem. We would recommend t h a t  a ' v e c t o r '   a d d i t i o n  
be  employed  and  the t o t a l   c o n v e c t i o n   c o e f f i c i e n t   h c   b e   w r i t t e n  as 

2 -  2 2 
h c  - hforced + h f r e e  

This   g ives   heavier   weight   to  a l a r g e r   c o n t r i b u t i o n   y e t  treats e q u a l l y   e q u a l  
con t r ibu t ions .  

The t o t a l   h e a t   t r a n s f e r   c o e f f i c i e n t  h is t h e   a r i t h m e t i c  s u m  o f   t he   r ad i -  
a t i v e  and convec t ive   cont r ibu t ions .   This  h is shown i n   F i g u r e  1.8. We s e e  
t h a t ,   f o r  small v e l o c i t i e s  (V a 15 f t /min as a t t empted   i n  many experiments) ,  
we have  very  nearly h = 7 kcal /m  /hr /OC  across   the  ent i re   temperature   range 
regard less   o f   the   o r ien ta t ion   of   the   subjec t .  

2 

T h i s   r e s u l t  is clear ly   inconsis tent   with  the  conclusion  reached  f rom 
Figure 1 . 7  , t h a t  h should  vary  between 3 kcal/n?/hr/°C a t  Ta  = 5OC and 
7 kcal/m2/hr/OC a t  T a  = 45OC. 
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The theo ry  w e  have  developed  here  does  permit  values h 3 kcal/m2/hr/oC, 
but   only  under  somewhat a r t i f i c i a l   c o n d i t i o n s .   F o r   e x a m p l e ,   i f   t h e   f r e e   c o n -  
vec t ion   were   suppressed   by   c lose ly   conf in ing   the   subjec t ,   i f   the  wind 
ve loc i ty   were   ' z e ro '  , i f   t h e   r a d i a t i v e  w a l l  temperatures were a d j u s t e d   t o  
reduce  radiat ion,   then  one  could  obtain h w 3 kcal/m2/hr/OC. Most experiments 
r epor t ed   i n   t he   l i t e r a tu re   were   pe r fo rmed   unde r  more o rd ina ry   cond i t ions ,   t he  
ma jo r   e f fo r t s   appa ren t ly   be ing  made t o  ma in ta in   t he   t empera tu re   c lose   t o   t he  
des i r ed   va lue   and   t o   ma in ta in  low wind v e l o c i t i e s .   G i v e n   t h e s e   c y n d i t i o n s  
there   remains  a v a r i e t y   o f   s u b t l e  ways i n  w h i c h   t h e   h e a t   t r a n s f e r   c o e f f i c i e n t  
can s t i l l  b e   a f f e c t e d .  

R e c a l l   t h a t   t h e   a b o v e   h e a t   t r a n s f e r   c o e f f i c i e n t s   w e r e  computed  on t h e  
assumpt ion   tha t  a s t e a d y - s t a t e  was r e a c h e d ,   t h a t - t h e   s u b j e c t  was e s s e n t i a l l y  
nude  and  extended ( i . e .  , h i s   e n t . i r e   s u r f a c e   a r e a  w a s  exposed) , and   t ha t  wind 
v e l o c i t i e s   w e r e  small. I f   an   expe r imen t   i n  a coal  environment is  n o t   c a r r i e d  
out  over a long  enough time t h e  mean sk in   t empera ture  may n o t   h a v e   f a l l e n   t o  
i t s  f i n a l   e q u i l i b r i u m   v a l u e   a n d   t h e   v a l u e   o f  h w i l l  appear   to   be   smal le r   than  
i t  r e a l l y  i s .  As w e  po in ted   ou t   before ,  a time  of a t  l e a s t   t h r e e   t o   f o u r  
hours  is  r e q u i r e d   t o   a c h i e v e   e q u i l i b r i u m .   I f   t h e   s u b j e c t  is p a r t l y   o r   l i g h t l y  
c l o t h e d ,   o r   i f   h e  is a l lowed   t o   sh i e ld   h imse l f   o r   p ro t ec t   h imse l f  by c u r l i n g  
up ,   o r   i f   the   space   a round  h im i s  s o  conf ined   tha t   f ree   convec t ion  is  suppressed 
then  the  measured  value  of  h w i l l  be   l e s s   t han   t he   ca l cu la t ed   va lue .  We sug- 
g e s t   t h a t  some o r  a l l  o f   t hese   e f f ec t s   have  combined to   produce  values   of  h 
as low as 3 kcal/m2/hr/OC  near Ta w 5OC. 

To t e s t   t h e   t h e o r y ,  we performed  an  experiment a t  an  environmental  tem- 
pera ture   o f  19OC, i n   a n  open  space,   wi th  a male subject   wearing  only a b r i e f  
b a t h i n g   s u i t .   A f t e r   f o u r   h o u r s  a mean sk in   t empera ture  of 26-27OC was recorded.  
This is  about  3OC less t h a n   t h e   v a l u e   i n   F i g u r e   1 . 3 ~ :  It is i n d i c a t e d   w i t h   a n  
(x)   in   F igure  1 . 7  and  one  notes  that  i t  l ies  n e a r l y  on t h e   l i n e  h = 7 kcal/m2/ 
hr/oC. Thus i t  is s t rongly   sugges t ive   o f   what  w e  have  been  dr iving a t ,  namely 
t h a t  a cons i s t en t   bas i s   fo r   t he   deve lopmen t   o f  a theory  of h can   be   es tab l i shed  
d i r e c t l y  f rom  phys ica l   p r inc ip les ,   and   tha t   the   exper imenter  m u s t  understand 
c r i t i c a l l y   f a c t o r s   a f f e c t i n g   h i s   e x p e r i m e n t .  We propose  that   fur ther   measure-  
ments  of mean sk in   t empera tures   in   ambient   condi t ions   be low 20°C should  be 
made under   the  fol lowing  condi t ions : (1)   nude  or   near ly   nude  ful ly   extended 
s u b j e c t ,  (2)  a minimum 3-4  hour  exposure,  (3) low wind   ve loc i ty   ( l e s s   t han  
1 mph),   (4)  open  space  around  the  subject  ( i .e.  , d i s t a n c e s   t o  walls should  be 
t e n s  of f e e t ) .  Only  then  can w e  be   conf iden t   t ha t  a physical ly   founded  theory 
f o r  h has   been   es tab l i shed  . 

Tissue  Conductance - Theory  of C 

We t u r n  now t o   t h e  development  of a c o n s i s t e n t   t h e o r y   f o r   t h e   t i s s u e   c o n -  
ductance C.  This  i s  a phys ica l -phys io logica l   p roblem  the   so lu t ion   to   which  
depends on a r easonab le   mode l l ing   o f   t he   ac t ive   phys io log ica l  mechanisms i n -  
volved.  That a problem  ex is t s  i s  e a s i l y   s e e n .  

The t r a d i t i o n a l   d e f i n i t i o n   o f  mean t i ssue   conductance  is (e .g .  , (24 ) ,  
p .  204) 
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It is c l e a r   t h a t   t h i s   d e f i n i t i o n  is  inadequate   for  Ts >_ T r  as might  occur a t  
h igh   tempera tures .  M is neve r   ze ro   fo r  a l i v e   s u b j e c t .  E cannot   be   ' in f in i te '  
o r   nega t ive   under   any   condi t ions .  

The f i r s t   s t e p   i n   t h e   r e s o l u t i o n  of t h i s   d i f f i c u l t y  is  t o   s e e k   t h e  l i m i t -  
i ng   va lues   fo r  c .  We ob ta in   t h i s   i n   t he   fo l lowing   approx ima te  way.  The  con- 
d u c t i v i t y   o f  t i s sue  can  range  from 18 kcal-cm/d/hr /°C.  when vasocons t r i c t ed  
(€.e. ,  t h i s  is  t h e   c o n d u c t i v i t y   o f   f a t )   t o  50 kcal-cm/m2/hr/oC  (€.e. , the  con- 
d u c t i v i t y  of. water ( o r   b l o o d ) ) .  Thus t i s sue  conductance is a n   a c t i v e   p a r a -  
meter. Taking  an  average t issue th ickness   ( f rom  the   sur face   to   the   middle   o f  
the musc le  l a y e r )  on the   o rde r   o f  2 cm ( ( 3 )  , p. 89) the  conductance c can 
range  from 9 t o  25  kcal/m2/hr/OC. 

I n   o r d e r   t o   a v o i d   t h e   n o n - p h y s i c a l   i n f i n i t e   o r   n e g a t i v e  c we in t roduce  
the  fol lowing  completely new phys io log ica l ly   based   hypo thes i s .  The sweat 
g lands   a re   loca ted   benea th   the   sur face   o f   the   sk in .  Thus we s u g g e s t   t h a t  a t  
least  p a r t ,  and  under some cond i t ions  a l l ,  o f   t he   evapora t ive   hea t   l o s s   e f f ec -  
t i v e l y   t a k e s   p l a c e  be low  the   sk in ' s   sur face .  The evaporated  water  vapor  passes 
out   through  the  pores .  Thus , i n  t h e   d e f i n i t i o n   o f  c y  M mus t  be  reduced  by  that  
f r a c t i o n ,  g , .  of   the   evaporat ion  which  takes   place  beneath  the  surface.   Unt i l  
the   water   vapor   p ressure   in   the   pores   approaches   the   sa tura t ion   pressure  we 
would expect g % 1. A s  the  vapor becomes s a t u r a t e d  water s e e p s   t o   t h e   s u r f a c e ,  
evapora t ion   takes   p lace   there  , and g becomes l e s s   t han  1. 

We propose   tha t   the  

Using   the   da ta   in   F igure  
u r e  1 .9 ) .  The curve g = 

mean t issue  conductance c should  be  redefined as 

1 .3  we ob ta in  e VS. Ta for   var ious  values   of  g (Fig- 
0 cor responds   to   the   p rev ious   def in i t ion   o f  5: and 

i l l u s t r a t e s   t h e   f o r m e r   d i f f i c u l t y .   F o r  g > 0 we see   t ha t   t he   va lues   o f  c can 
be main ta ined   wi th in   phys io logica l  l i m i t s ,  a t  l e a s t  a t  high  ambient  tempera- 
t u r e s .  Here we see   t ha t ,   nea r  g % 1/3 ,   l eve ls   o f f  a t  about  18 kcal/m2/hr/OC. 
(Pe rhaps   t h i s   sugges t s   t ha t   1 /3   r ep resen t s  a l imi t ing   va lue   o f  g a t t a i n e d  a t  
h igh   ambient   t empera tures .   Phys ica l ly   th i s  would mean t h a t   1 / 3  of the  evap- 
o r a t i o n  is  from  below  the  surface  and  2/3 is e v a p o r a t i o n   d i r e c t l y  from wetted 
s u r f a c e   a r e a s  .) 

The value  of  (Figure 1.9) a t  low ambient   temperature   leads  to   another  
problem.  Here E % 3 kcal /m2/hr/oC  regardless   of  g ( s i n c e  E is  cons ide rab ly  
smal le r   than  M i n   t h i s   r e g i o n ) .  How can w e  e x p l a i n  E 3 kcal/m2/hr/oC  given 
tha t   the   phys io logica l   lower  l i m i t  on C is  appa ren t ly  9 kca1/m2/hr/OC? The 
t r ad i t i ona l   exp lana t ion   has   been   t o   p ropose  a "metabolic  response"  in  cold 
enrironments .   I f   such  a ,mechanism  exis ted i t  would s e r v e   t o   r a i s e   t h e   v a l u e  
of M-E and thus  the  value  of  c .  B u t  M-E ( o r   r e a l l y  M s i n c e  E is small)  would 
have t o   i n c r e a s e   b y  a f a c t o r   o f  3 t o   r a i s e  E from 3 t o  9 kcal/m2/hr/°C. As 
Figure  1.3a shows , however,   for a g i v e n   a c t i v i t y   l e v e l  M does  not  change more 
than  about  30%  over  the  whole  survivable  temperature  range. Thus we need a 
more realis t i c  mechanism. 
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The fol lowing  observat ion  opens a p o t e n t i a l l y   f r u i t f u l   d i r e c t i o n .   I n  
exper iments   in   the   co ld  ,it is n o t e d   t h a t ,   a f t e r  2 o r  3 hours , t h e   e x t r e m i t i e s  
(arms ha l fway   t o   t he   e lbow,   l egs   ha l fway   t o   t he   knee )   b l anch   and   t he i r  tem- 
pera tures   d rop   to   the   ambient   t empera ture .   Clear ly  some c e n t r a l   c o n t r o l   i n  
t he  body has   redirected  blood  f lows  and  abandoned  those  regions  in   favor  of 
maintaining  regulat ion  over   the  remainder   of   the   body.   Over   the  'unregulated '  
a r e a s   h e a t  is n o t  bellng t r a n s f e r r e d   f r o m   t h e   s u r f a c e   t o   t h e   e n v i r o n m e n t .   I f  
we s a y   t h a t  a f r a c t i o n  f o f   t he   t o t a l   a r ea   r ema ins   r egu la t ed   t hen   t he  two 
t r a n s f e r   e q u a t i o n s  become 

M - gE = fC(Tr - Ts)  

where Ts is t h e  mean temperature   over   the  regulated  regions.  The mean t o t a l  
sur face   t empera ture  Ts is  

- 
Ts = fTs + (1 - f)Ta . 

This set  of   th ree   equat ions   represents   the   phys ica l   and   phys ica l -phys io logica l  
thermoregulation  of  the  body. The c o e f f i c i e n t  h is a p h y s i c a l   f a c t o r   a n d ,  
from  above,  has  the  value 7 kcal/m2/hr/oC. The c o e f f i c i e n t  C r e p r e s e n t s   a n  
a c t i v e   p h y s i c a l - p h y s i o l o g i c a l  mechanism; i t  is  the  t i s sue  conductance  corres-  
ponding to   t he   su r f ace   t empera tu re  Ts  . The parameters f and g a r e   p h y s i o l o g i -  
c a l   q u a n t i t i e s  which  character ize  mechanisms  which we c a n   s t a t e   q u a l i t a t i v e l y  
b u t   c a n n o t   y e t   e x p l a i n   p h y s i c a l l y   i n   a n y   d e f i n i t e  way. 

O u r  immediate a i m  i s  to   de t e rmine   empi r i ca l ly  a course  of f and g cons i s -  
ten t   wi th   observa t ions   wi th in   the   range  Ta w 5OC t o  T a  w 45OC. F i r s t  w e  m u s t  
model t he   phys i ca l -phys io log ica l   behav io r   o f  C .  The  following  modelling i s  
r a t h e r   r o u g h ,   b u t   i n   f a c t   t h i s  makes l i t t l e  d i f f e rence   because   t he   r e su l t s   fo r  
f and g a re   no t   s t rong ly   dependen t  on C.  

We assume tha t   ( t yp ica l ly )   t he   t i s sue   l aye r   ( f rom  su r face   t o   midd le   o f  
muscle)  has a thickness   of  2 cm, t h a t  i t s  conductivity  can  change  from 18 t o  
50 kcal-cm/m2/hr/OCy  and t h a t   t h i s   t r a n s i t i o n   t a k e s   p l a c e   ( l i n e a r l y )   b e t w e e n  
local   temperatures   of  28OC and 34OC ( c f .   ( 3 )  , p .   1 3 2 ) .   I f  we combine these  
assumpt ions   wi th   the   observa t ion   tha t   t empera ture   increases   approximate ly  
l i n e a r l y  f rom  the  surface (Ts)  in to   the   middle  of the  muscle  layer  (Tr)  then 
we ob ta in  C as g iven   i n  Tab le   1 .3 .  

Table  1.3 

Local  Tissue  Conductance  for Some Local  Skin  Temperatures 

TS 

25 
2 7  
29 
3 1  
33 
35 

- C 

13 
16 
19 
20 
22 
24 
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(This model  of t h e  t issue conductance  a lso  sheds  l ight   on how g r e a t   a n  
e f f e c t   t h e   s k i n   t e m p e r a t u r e   h a s  on the   microvascula ture   o f   the  t issue.  I f  
we ca l l   the   musc le   t empera ture  T r ,  the   muscle   thickness  t,, and   t he   sk in  
th i ckness  tS , the  average  loca:  bed  temperature T is e a s i l y   s e e n   t o   b e  

By t h i s   d e f i n i t i o n  T is the   average   t empera ture   over   the   sk in   th ickness  ts. 
If we wr i te  N = tm/ts t h i s   e x p r e s s i o n  becomes 

N+1 T = T  - 1 
s N+2 + Tr N+2 

N r e p r e s e n t s   a n   a n a t o m i c a l   q u a n t i t y  - t h e   r a t i o   o f   m u s c l e   t h i c k n e s s   t o   s k i n  
th i ckness .   Typ ica l ly  N might  range  from 1 t o   3 .   I n   a n y   c a s e  we s e e   t h a t   t h e  
l a r g e r   c o n t r i b u t i o n  (at least  h a l f )   t o  T comes from Ts .  This   expla ins  why 
the  vasomotor  response is  s o  s e n s i t i v e   t o  Ts.)  

Given now the   va lues  of C and h we can  determine  the  course  of  f and  g.  
We combine t h e  two t r ans fe r   equa t ions   t o   e l imina te  Ts and o b t a i n  

= (C-tt.1) ("E) I E(1-g) 
hC(Tr-Ta) C(Tr-Ta)  

Using  Table  1.3  and  Figure  1.3 , and i t e r a t i n g  once  or  twice , we o b t a i n  
f VS.  g fo r   va lues  of Ta 5oC and 45OC (Figure 1.10).  The heavy   do t t ed   l i ne  
i n d i c a t e s   t h e   l i k e l y   c o u r s e  of f and  g.   There is  some u n c e r t a i n t y   i n   t h e  
indicated  course  because  the  computat ion  in   the  region T a  M 30-35OC involved 
the   t ak ing   of  small d i f f e r e n c e s  ("E) be tween   l a rge   quan t i t i e s  (M and  E). 
Thus t h e   l i k e l y   p o i n t s   a r e   i n d i c a t e d   b y   r a t h e r   l a r g e   ' d o t s ' .  However F igu re  
1.10 shows v i v i d l y  why i t  is n o t   p o s s i b l e   t o   c o n s t r u c t  a r a t i o n a l  model  with 
g = 0 over   the   en t i re   range  of  ambient  temperatures.  With g = 0 ,  above 
Ta E3 30-31OC the   body  has   no   mechanism  ava i lab le   to   main ta in   regula t ion ,   i . e  
f cannot  exceed  unity.  

P i c t u r e  of Steady-State  Thermoregulation 

A t  t h i s   p o i n t  we f e e l  w e  have  placed  the  theory  of  s teady-state   thermo- 
r e g u l a t i o n  on a f i rm  phys i ca l   and   phys i ca l -phys io log ica l   founda t ion .   In t ro -  
duct ion  of   the  physiological   parameters  f and g has   provided  the mechanisms 
requi red   to   ob ta in   cons is tency   be tween  the   var ious   measured   parameters ,  M y  
E ,  T s ,  Tr.  We can now pu t   t oge the r   t he   fo l lowing   p i c tu re   o f   t he rmoregu la t ion ,  
and  indicate  problems  which  remain  unsolved. 

Under  'comfortable '   conditions , gene ra l ly   cons ide red   t o   be  Ta M 3OoC, 
Fs W 33-34OC, t h e   s u r f a c e  is near ly   comple te ly   regula ted .   That  is, f = 0.85 
(Figure 1.10) and  even  the  "unregulated"  portion is a t  a not  uncomfortable 
3OoC. (We should   po in t   ou t   tha t   under   condi t ions   such  as d e s c r i b e d   h e r e ,  
where T a  is nea r  is, our   idea   o f  a separa t ion   in to   " regula ted"   and   "unregu-  
l a t e d "   p a r t s  becomes vague.)  Most o f   t he   evapora t ive  loss t a k e s   p l a c e  by 
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subsur face   evapora t ion  ( i . e . ,  g . 95 )   and   t he   sk in  is  n o t  much we t t ed .  

As the  ambient  temperature  drops  below 3OoC v a s o c o n s t r i c t i o n   w i t h i n  
p e r i p h e r a l   t i s s u e s   b e g i n s .  The degree  of   vasoconstr ic t lon  and i t s  e f f e c t  
on the  t issue conductance C a t  any   po in t  on the  body's  surface  depend upon 
the   ambient   t empera ture ,   the   dura t ion   of   exposure ,   and   the   par t  of t he  s u r -  
face   cons idered .  The u s u a l  proposal  of a me tabo l i c   i nc rease   t o   p rov ide   fo r  
t he   added   hea t   t r ans fe r  away f rom  the   sur face  was s e e n   t o   b e   i n a d e q u a t e .  
The only way o u t   f o r   t h e  body is  t o   a d j u s t  i t s  t r a n s f e r   s u r f a c e  s o  as t o  
main ta in   the   requi red   hea t   ba lance .   This   ad jus tment  is performed  by  re- 
d i s t r i b u t i o n  of t h e   b l o o d   f l o w   t o   t h e   p e r i p h e r a l   t i s s u e s .  The cent ra l   hypo-  
thalamic  thermoregulatory mechanisms  mediate t h i s   r e d i s t r i b u t i o n .  The u l t i -  
mate e f f e c t  i s  tha t   t he   t empera tu res  of some regions  drop to the  ambient 
temperature.  Perhaps as much as 60% o f   t h e   s u r f a c e   a r e a  becomes thus  'un- 
r egu la t ed '  (a t  Ta 5OC).  There is  considerable  doubt  whether,   under  the 
experimental   conditions w e  have   prescr ibed ,  a p e r s o n   c a n   s u r v i v e   a t   t h i s  
temperature.  The obse rva t ions   o f   Scho lande r   e t  a l .  (28 )   i nd ica t e   t ha t  one 
can - a t  l e a s t   a n   A u s t r a l i a n   a b o r i g i n e   c a n .  (However, we would s u s p e c t   t h a t  
t h o s e   s u b j e c t   w e r e   p e r m i t t e d   t o   a l t e r   t h e i r   p o s t u r e  S O  as t o  r e d u c e   t h e i r  
e f f ec t ive   exposed   a r eas   and   t hus   r educe   t he   necessa r i ly   un regu la t ed   a r eas  
t o  a s u r v i v a b l e  l i m i t . )  

Thermoregulat ion  in  a w a r m  environment (Ta 2 3 O o C )  is  maintained  by a 
combina t ion   of   vasodi la ta t ion   ( increas ing   t i s sue   conductance ,   a l lowing   grea te r  
hea t   exchange   to   the   sur face)   and   evapora t ive   losses .  The new concept  of 
subsurface  evaporat ion  a l lows us t o  model  the  evaporative  loss by two d i s t i n c t  
mechanisms. 

F i r s t ,  t h e r e  i s  the  subsurface  'pot-boi l ing '   which  depends on t h e   i n t e r -  
n a l  bed   t empera tu re   and   s t a t e   o f   vasocons t r i c t ion   o f   t he   l oca l   t i s sue .  It is 
thus a mechanism t h a t  we e x p e c t   t o   b e   a c t i v a t e d  a t  some minimum local  temper- 
a t u r e  and   then   to   increase   wi th   t empera ture  , perhaps   l eve l ing   of f  as some 
maximum loca l   swea t   r a t e  is  reached.  By the  second  mechanism  evaporation 
takes   place from  any  surface  area  which may have become we t t ed .  (The t r a n s f e r  
of   l iqu id  water f r o m   s u b s u r f a c e   t o   s u r f a c e   c o n t r i b u t e s  l i t t l e  t o   t h e   h e a t  loss 
mechanism - only i f   t h e   w a t e r  is vaporized is  t h e r e  a,n a p p r e c i a b l e  loss.)  A 
region becomes wet ted when i t s  pores become s a t u r a t e d .  We s e e  from  Figure  1.10 
how t h e   s h i f t  from subsu r face   evapora t ion   t o   t he   su r f ace   t akes   p l ace .  Between 
Ta = 3OoC and Ta = 40°C, g ( t h e   f r a c t i o n  of   subsur face   evpora t ion)decreases  
from nea r  1 to   about   0 .2 .   Nearly a l l  the   pores   a re   sa tura ted   wi th   water   vapor ,  
t he   subsu r face   evapora t ion  is ' b locked ' ,   and   t he   su r f ace  becomes n e a r l y  com- 
p l e t e l y   w e t t e d .  

The comple te ly   wet ted   sur face   represents  a l i m i t i n g   c o n d i t i o n .  The maxi- 
mum evaporat ive loss r a t e   fo r   t he   comple t e ly   we t t ed  body is  determined now 
by s t r i c t l y   p h y s i c a l  and  geometr ical   factors .  The p h y s i c a l   d e s c r i p t i o n  is 
r a t h e r   s t r a i g h t f o r w a r d .  The argument is based on t h e   s i m i l a r i t y  o f   t he   hea t  
and mass t r ans fe r   equa t ions  when t h e   t r a n s f e r s   t a k e   p l a c e   i n   t h e  same hydro- 
dynamic f i e l d ,   t h a t  is , when the  process  is  psychromet r i c .   (Pe r t inen t   de t a i l s  
a r e   i n  o u r  repor t   (29)  .) The impor t an t   r e su l t  is t h a t   i f   t h e   h e a t   t r a n s f e r  
coe f f i c i en t   ( fo r   convec t ion )  is  hc ( i . e . ,  h e a t   t r a n s f e r r e d  = hc  x temperature 
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d i f f e r e n c e )   t h e n   t h e  mass t r a n s f e r   c o e f f i c i e n t  hm (€ .e . ,  mass t r a n s f e r  = 
hm x water v a p o r   p a r t i a l   p r e s s u r e   d i f f e r e n c e )  is given  (numerically)  by 

hm W 2hc 

Refe rence   t o   F igu re  3 . 8  shows t h a t   ( f o r  small wind v e l o c i t y  V FJ 15 f t /min )  
hc 2 kcal/m2/hr/OC  and s o  we expect  hm  4kcal/m2/hr/mmH . (We can com- 
pa re   t h i s   w i th   t he   expe r imen ta l   r e su l t   o f   Ker s l ake  and  Wadsell (2 '0 ) .  Their  
v e l o c i t y  was 50 f t /min  and s o  t h e i r   h c ,  and trhus hm,  should  be  approximate1 
/- t imes  ours.   That is , they  should  measure  hm W 1.83 x 4 W 7.4  kcal/m / 
hr/mmHg. They a c t u a l l y  measured 7.8 5 .2 kcal/m2/hr/mmHg.  Thus, the  exper-  
imental   and  theoret ical   resul ts ,   even  f rom  this   rough  argument ,   agree to about 
5%.)  The maximum e v a p o r a t i v e   h e a t  loss then  depends on a combination  of am- 
b ien t   t empera ture   (which   de te rmines   sk in   t empera ture)   and   re la t ive   humidi ty ,  
which  combined  determine  the  water   vapor   par t ia l   pressure  difference  between 
skin  and  environment .   Requirements   for   heat  loss by  the  body  in  excess of 
t h i s  l i m i t  cannot  be  met,  and  the resu l t  is h e a t   p r o s t r a t i o n .  

z 

This new view  of a d u a l  mechanism to   ach ieve   - evapora t ive   hea t  loss r e -  
mains to   be   p roved   by   the   phys io logis t s .  We have shown t h a t  i t  provides a 
cons i s t en t   bas i s   fo r   mode l l ing  human thermoregulation  under  high  ambient 
tempera ture   condi t ions .  It s e e m   w o r t h   m e n t i o n i n g   t h a t   t h e r e   a r e   p o t e n t i a l l y  
u s e f u l   c l i n i c a l   i m p l i c a t i o n s   f o r   t h e   u n d e r s t a n d i n g  and  treatment of f eve r .  
The o b s e r v a t i o n   t h a t  a pa t i en t   beg ins   t o   swea t   (o f t en   p ro fuse ly )   on ly  when 
h i s   f e v e r   " b r e a k s "   i n d i c a t e s   t h a t   t h e   f e v e r   i t s e l f  is caused  or  maintained 
b y   a n   i n h i b i t i o n  of the  sweat ing mechanism. We s u g g e s t   t h a t   t h e   p a t i e n t  
becomes f eb r i l e   no t   because   o f  a s h i f t   i n   a n y   " s e t - p o i n t "   t e m p e r a t u r e   ( e . g . ,  
(11) , p. 1068) but   because  of  some 'chemical '   imbalance  which  inhibits  the 
subsu r face   evapora t ion  a t  t h e   p e r i p h e r a l   s k i n   l a y e r s .  We s u s p e c t   t h a t   t h e  
e f f e c t i v e   a c t i o n  of   the   so-ca l led   "an t ipyre t ic"   d rugs  is  t o   r e s t o r e   t h i s  
chemica l   ba lance   in   the   b lood   supply   to   the   per iphera l   t i s sue   and   thus   to  
r eac t iva t e   t he   swea t  mechanism. 

R e c a p i t u l a t i o n  

We have shown t h a t  a cons i s t en t   t heo ry  of s teady-s ta te   thermoregula t ion  
i s  be ing   deve loped   by   cons idera t ion   of   the   phys ica l   and   phys ica l -phys io logica l  
p rope r t i e s   o f   hea t   t r ans fe r   t h rough   and   ac ross   pe r iphe ra l   t i s sues .  We have 
proposed two new ideas   with  regard  to   the  nature   and  behavior   of   the   vasomotor  
response  of   the  skin  and  the  mechanisms  of   evaporat ive  heat  l o s s .  The model 
w e  have   cons t ruc ted  is  essent ia l ly   phenomenologica l ;  w e  have   l e f t   i n   abeyance  
ques t ions  as t o   t h e  mechanisms  which  control  the  responses we have  modelled. 
We view our  work as an   i nd i spens ib l e   s emi -empi r i ca l   f i r s t   s t ep   t oward   unde r -  
s t and ing   t he   phys io log ica l ' na tu re   o f   t he rmoregu la t ion .  

We env i s ion  a h ie rarch ica l   o rder ing   of   surv iva l   mechanisms.  When exposed 
t o   h o t  or co ld   envi ronments   the   body ' s   cen t ra l   cont ro l ,   the   hypotha lamus ,  w i l l  
a c t ,   v i a   t h e   b l o o d ,   t o   i n i t i a t e   v a s o m o t o r   r e s p o n s e s .  The time s c a l e   f o r   t h i s  
is about   seven  minutes .  The e f f e c t s  of t h i s  is t h a t ,  a t  one  extreme,  the  body 
w i l l  g r a d u a l l y  allow l a r g e   a r e a s   t o  become unregula ted   and   co ld   in   o rder   to  
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s a v e   t h e  res t  and,  a t  the   o ther   ex t reme,  w i l l  develop  profuse  sweat ing.  A 
h i g h e r   l e v e l   o f   c o n t r o l ,   i n   t h e   c o r t e x ,   o v e r s e e s   t h e s e   r e s p o n s e s   a n d   c o n t i n -  
uous ly   de t e rmines   whe the r   o r   no t   t o   pe rmi t   t he   sub jec t   t o   r ema in   i n  a stress- 
f u l   s i t u a t i o n .  Even th i s   l eve l   o f   con t ro l   can   be   ove rcome ,   t ha t  i s ,  t he  
s u b j e c t  may become comatose, i f   d e c i s i o n s   t o   a l l e v i a t e   s e v e r e   c o n d i t i o n s  
are too   long   defer red .  

I n   i n v e s t i g a t i n g   t h e  phenomenology  of  the f i r s t   c o n t r o l   l e v e l  w e  found 
i t  n e c e s s a r y   t o   i n t r o d u c e  two q u i t e  new i d e a s   i n   o r d e r   t o   c o n s t r u c t  a model 
cons is ten t   wi th   bo th   phys ica l   requi rements   and   phys io logica l   observa t ions .  
F i r s t  we proposed  that   the   body w i l l  cu t   o f f ,   and  allow t o  go  unregulated,  a 
s i g n i f i c a n t   p o r t i o n   o f  i t s  a r e a   i n   o r d e r   t o   m a i n t a i n  i t s  deep  body  temperature. 
We s u g g e s t   t h a t   ( f o r  a r e s t i n g  nude i n d i v i d u a l )  this is  the   on ly   ava i l ab le  
s u r v i v a l  mechanism.  Second, we h a v e   p r o p o s e d ,   i n   o r d e r   t o   c l a r i f y   d i f f i c u l t i e s  
i n   de t e rmin ing  t issue conductances ,   tha t  a s ign i f i can t   po r t ion   o f   t he   evapor -  
a t i v e   h e a t  loss  ac tua l ly   t akes   p l ace   be low  the   su r f ace .  The e f f e c t  of t h i s  
i s  t o  reduce   the   ' e f fec t ive '   sk in   conductances   to   l eve ls   which   cor respond  to  
p h y s i c a l - p h y s i o l o g i c a l   v a l u e s .  We have  combined these   i deas   i n to  a c o n s i s t e n t  
model  of the  thermoregulatory  system  and  have  deduced  probable  values  for  the 
var ious   parameters   for   res t ing ,   nude   ind iv idua ls   in   the   t empera ture   range   f rom 
5oc t o  45%. 

Sugges ted   Di rec t ions   for   Future   Research  

There s t i l l  remains a number of   fundamental   i ssues   that  w e  have   no t   dea l t  
with.   Perhaps  they  can  be  summarized  by  asking how t h e  body  maintains a n e a r l y  
cons t an t   i n t e rna l   t empera tu re   o f  3 7 O C .  The s o l u t i o n   t o   t h i s  problem awaits a 
g rea t e r   unde r s t and ing   o f   t he   r e l evan t   phys io log ica l   p rocesses   wh ich   occu r   i n  
the   hypotha lamus ,   the   vascular   sys tem,   the   musc les ,   and   the   sk in .  

We hope   t ha t   by   t h i s   po in t   t he   r eade r   app rec i a t e s   t ha t ,   be fo re  a s u c c e s s f u l  
a t t ack   cou ld   be  made on tha t   bas i c   ques t ion ,   t he re   were   s e r ious   e l emen ta ry  phy- 
s i c a l  problems  which  had t o  b e   c l a r i f i e d .  We have   focused   a t ten t ion   sharp ly  on 
these  physical   problems and  begun t h e i r   c l a r i f i c a t i o n  by reexaminat ion  of   avai l -  
a b l e   d a t a  and  by r e s t r i c t i n g   t h e   s c o p e   o f   t h i s   c h a p t e r   t o  a semi-phenomenological 
s teady-s ta te   s tudy .   Comple te ,   per t inent   da ta   were   hard   to  come b y .   I n   p a r t i c -  
u l a r ,  more and b e t t e r   d e f i n e d  d a t a ,  taken a t  ambient  temperatures  below 2OoC , 
are   requi red   to   de te rmine   whether   the   p resent   s imple   formula t ion   of   the   funda-  
m e n t a l   h e a t   t r a n s f e r  , i . e .  , M - E = h(Ts - Ta) , i s  adequate .  No hypotheses   a re  
i m p l i c i t   i n   t h i s   e q u a t i o n  (beyond the   s imp le   f a i th   t ha t   t he  laws of physics  
should   apply) ;  i t s  v a l i d i t y   c a n   b e   t e s t e d ,  and the   phys i ca l   t heo ry   fo r  h t e s t e d ,  
simply by obta in ing   the   r igh t   k ind   of  da t a .  More metabol i sm  da ta ,  more mean 
sk in   t empera ture  d a t a ,  c a r e f u l   d e f i n i t i o n  of   exper imenta l   condi t ions   (e -g . ,  
du ra t ion   4 -5   hour s ,   phys i ca l   s e t -up ,   sub jec t   pos i t i on )   a r e  s t i l l  needed t o  
v e r i f y   t h e   t h e o r y .  

Cons is ten t   model l ing   requi red  two physiological  assumptions  which  should 
b e  examined expe r imen ta l ly .  The i d e a  of   an   unregula ted   sur face   a rea   in   the  
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cold was o r i g i n a l l y   i n s p i r e d  by observa t ion   of   co ld   reg ions  on the  body s u r f a c e .  
The e x t e n s i o n   o f   t h i s   i d e a   i n t o  a useful   hypothesis   summarizing  blood  f low d i s -  
t r i b u t i o n   t o   v a r i o u s  body r eg ions ,  and  capable  of  accounting  for  thermoregulation 
a t  t empera tu res   c lo se r   t o  O°C , should   be   t es ted .  

A chal lenging   phys io logica l   exper iment  may be   the   t es t ing   o f   our   second 
hypothesis  , t h e  i d e a  of a subsu r face   evapora t ive   hea t  loss required,  t o  obcain 
a phys ica l ly   cons i s t en t   mode l l ing   o f  mean t issue  conductance.  A f i r s t  round 
approach  mtght  be  to  measure  heat  f luxes a t  incremental   layers   below  the s u r -  
f ace .  Changes in   hea t   f lux   wi th   depth   tha t   could   no t   be   accounted   for   (even   by  
incompletely  understood  mechanisms)  by  blood  heat  exchanges  would  be  attr ibuted 
t o   s u b s u r f a c e   e v a p o r a t i o n .  Assuming t h a t   t h e   r e s u l t s  of   these  experiments   in-  
d i ca t ed   t he   ex i s t ence   o f   such   evapora t ion ,   t he   f i na l   p roo f  would rest on the  
ac tua l   obse rva t ion  and  measurement  of the  passage of water vapor  through  the 
s k i n .  

The present   s tudy   has   model led   ( theore t ica l ly   and   hypothe t ica l ly)   an   au to-  
r egu la to ry   na tu re   o f   pe r iphe ra l   t i s sues .   The re   r ema in   cons ide rab le   d i f f i cu l t i e s  
i n   t r y i n g   t o  model in te rna l   regula tory   p rocesses .   For   example ,  we do  not know 
the  answers   to  many s imple   phys io logica l   ques t ions  : How i s  the  blood  f low  re- 
d i s t r i b u t e d ?  by a c e n t r a l  mechanism?  by p e r i p h e r a l   t i s s u e   a u t o r e g u l a t i o n ?  by 
both? How is the  sweat ing mechanism a c t i v a t e d ?  What i s  i t s  dependence on l o c a l  
t i s sue   t empera ture?  on blood  f low  and  chemistry?  on  psychological   factors?   In  
proposing mechanisms f o r   t h e s e  phenomena w e  m u s t  i n su re   t ha t   t he   mode l l ing  i s  
sound  both  physical ly   and  physiological ly .  We have a cer ta in   f reedom  to   hypothe-  
s ize   phys io logica l   mechanisms;   there  is  no  such  f reedom  with  physical   facts .  

A f i n a l  remark:  one may n o t e   t h a t  we have  divided  the  thermoregulation 
problem  into  three  categories:   (a)   "physiological"   processes   for   which mechanisms 
a r e   y e t  unknown, (b)   "physical-physiological"   processes   for   which mechanisms  can 
be  partly  modelled,   and  (c)  "physical"  processes  which  are  well-known and  circum- 
scr ibe  model l ing  of   (a)   and  (b) .  To t h e   e x t e n t   t h a t  a problem is c l a s s i f i e d  as 
purely  "physiological" ,  i t  is not   unders tood .   In   our   op in ion ,   the   u l t imate   goa l  
o f   t h e   s c i e n t i s t  i s  t o   r e n d e r   a l l  problems  "physical" and thus   exp la inab le   i n  
terms  of  well-known  principles. We b e l i e v e   t h a t   t h i s  work r ep resen t s  a s t e p   i n  
t ha t   d i r ec t ion   fo r   t he   t he rmoregu la to ry   sys t em.  
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F igure  1.1 - Total  blood  flow  vs . oxygen  uptake. 0 - rest  
o p e r a t i n g   p o i n t ;  1 - nominal   average  operat ing 
p o i n t ;  2 - nominal  maximal poss ib le   average  
o p e r a t i n g   p o i n t  
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Figure 1 .2  - Average  peak human performance  in a common 
me tabo l i c   t a sk   (wa lk - run ) ,   bo th   s t eady   s t a t e  
(in o x i d a t i v e  thermodynamic equi l ibr ium)   and  
t r a n s   i e n t  . 
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Figure  1.3a - Steady  s ta te   (3-4   hours )   metabol ic   regula t ion  
f o r   v a r i o u s   a c t i v i t y   l e v e l s  (nude s u b j e c t ) .  
Do t t ed   po r t ion   r ep resen t s   e s t ima ted   ex t r apo la t ions .  
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Figure  1 .3b - Evapora t ive   hea t  

l o s s e s   f o r   v a r i o u s  
a c t i v i t i e s  (nude 
s u b j e c t s )  . 
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Figure  1 . 3 ~  - Mean s k i n  (Ts) 

temperatures fo r  
r e s t i n g  , nude 
i n d i v i d u a l .  
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Figure 1.4 Schematic  Representation of Thermoregulation  Problem. 
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F igu re   1 .5  - Summary of Benzinger 's  Data (10). 

Dashed l i n e s  (- - --, Figure 9B) r e p r e s e n t  
me tabo l i c   hea t   p roduc t ion .   So l id   l i nes  (-, 
Figure  18) r ep resen t   evapora t ive   hea t  loss. This 
f i g u r e   i l l u s t r a t e s   t h e  dynamics of temperature 
r e g u l a t i o n .  
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Figure 1.8 - Components  of h e a t   t r a n s f e r   c o e f f i c i e n t  V S .  

ambient   t empera ture   for   res t ing ,   nude   subjec t ,  
low wind ( l e s s   t h a n  1 mph), u n i n h i b i t e d   f r e e  
convect ion.  
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Mean Skin  Conductance  vs. Ta f o r   d i f f e r e n t  
values   of   the   subsurface  evaporat ion  parameter  g .  
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F igu re  1.10 - Parameter  f ( f r a c t i o n a l   r e g u l a t e d   a r e a )  VS.  

parameter g ( f r ac t iona l   subsu r face   evapora t ion )  
over  the  range Ta = 5oC t o  4OoC.  Sol id   do ts  ( 0 1 
r e p r e s e n t  a c o n s i s t e n t   s e l e c t i o n  on l i nes   o f  
cons t an t  Ta so  as t o   p r o v i d e  smooth  monotonic 
r e l a t i o n s  among f ,  g  and T,. 
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11. COMMENTS ON THE PROBLEM  OF THE BIOCHEMICAL OSCILLATOR 

The following comments, p a r t  of an   i nv i t ed   t a lk ,   were   de l ive red   du r ing  a 
Physiological   Control   Systems Symposium a t  a December ,1970 AIChE meet ing   in  
Chicago . 

The au thor ' s   exper ience   began   in   ins t rumenta t ion ,   au tomat ic   regula t ion ,   and  
control .   There is a l i t t l e  known b a c k g r o u n d   h i s t o r y   i n   t h e s e   f i e l d s   o f   i n t e r e s t  
to   those   concerned   wi th   the   subjec t  of t h e   c h e m i c a l   o s c i l l a t o r .   I n   t h e   1 9 3 0 ' ~ ~  
C .  E.  Mason was involved   in  how t o   r e g u l a t e   a n d   c o n t r o l   r e f i n e r i e s   a n d ,   o f  
necess i ty ,   began   t o   i nnova te .  He wen t   f rom  those   app l i ca t ions   t o   d i r ec t ing  
research   for   the   Foxboro  Company where  he  developed  the f i r s t   l i n e  of  pneumatic 
au tomat i c   con t ro l l e r s   fo r   p rocess   i ndus t ry   va r i ab le s   (p re s su re ,   t empera tu re ,  
f low) .   Bes ides   an   invent ive   genius ,   he  was a l s o   s e m i n a l   i n   t r a i n i n g   a n d   d e v e l -  
oping a t h e o r e t i c a l  and p r a c t i c a l  background f o r  many of t h e   m a j o r   c r e a t o r s   i n  
t h i s   f i e  I d .  

By t h e   l a t e  1 9 4 0 ' ~ ~  h a v i n g   s t a r t e d   t o   b r i n g   t h e   s u b j e c t  of automatic  con- 
t ro l   in to   matur i ty   ( th rough  the   Gibson   I s land   conferences  y p r ecu r so r s  of t he  
p re sen t  Gordon  Research  Conferences), Mason was a l s o  d u  P o n t ' s   c o n s u l t a n t   i n  
au tomat ic   cont ro l .  It w a s  t h e r e  and  through  the  Instruments  and  Regulators 
Division  of ASME tha t   he   spread   the   gospe l  of  dynamic a n a l y s i s  and  automatic 
con t ro l   t o   t he   chemica l   p rocess   i ndus t r i e s ,  and t o   t h e i r   o u t s t a n d i n g   p r a c t i -  
t i o n e r s .  (The au tho r  w a s  for tuna te ly   touched  by Mason's magic.) 

Mason's con t ro l   po in t   o f  view w a s  influenced  by  the  predominant R-C char-  
a c t e r  o f   chemica l   p rocess   sys t ems .   F i r s t   o rde r   r e l axa t iona l   k ine t i c s ,   ho ld -up  
times , f l u i d  and  thermal  resistances  and  capacitances  were  the  components  and 
i tems  that   he  saw. Cont ro l ,   in   the   main ,  was inf luenced   by   these   charac te r i s -  
t i c s .   D i f f i cu l t i e s   were   encoun te red   w i th   i n t e rac t ing   r a the r   t han   non in te rac t ing  
sys tems,   wi th   h igh   order   sys tems,   wi th   the   concept   o f   cont ro l lab i l i ty ,   and   wi th  
the  methods  of r e l a t i n g   t h e   s y s t e m ' s   c h a r a c t e r i s t i c s   t o   s e t t i n g .   t h e   c o n s t a n t s  
of   three-mode  control lers .   In   the 1950's,  t he   au tho r   ou t l i ned  a gene ra l  d i s t r i -  
buted R-C a n a l y s i s  o f  the   p roblem  of   cont ro l lab i l i ty   for  Mason in   an   a t t empt  t o  
c l a r i fy   t he   p rob lem.  

By then ,   the   chemica l   engineers   o f   the   p rocess   indus t r ies   were   ready   for  
au tomat i c   con t ro l  of bo th   ba tch   and   cont inuous   p rocesses ,   and   in   fac t   for  com- 
p u t e r   c o n t r o l .  Dynamics beyond t h e   c h a r a c t e r i s t i c s   o f  R-C networks  were  gradu- 
a l l y   r e v e a l e d ,  and   the   subjec t  of   chemica l   osc i l la t ions   rea l ly   appeared  on the  
more immediate  agenda of h i s t o r y ,   p a r t i c u l a r l y   w i t h   f a s t   c a t a l y t i c   p r o c e s s e s  
and  batch  polymerization. 

A. 
For   example ,   in   the   au thor ' s   exper ience  a t  about   tha t   t ime  (1960) ,  some 

co l l abora t ive   consu l t a t ion   w i th   chemica l   eng inee r ing   educa to r s   i n   C leve land  
(a ChE group a t  Case  Tech.  under Seymour C a l v e r t )   r a i s e d   t h e   q u e s t i o n  of R-C-L 
dynamics in   var ious  batch  and  cont inuous  chemical   processes .  

In   the   au thor ' s   g roup  a pecul ia r   d ia logue   took   p lace .  It appeared   tha t  
t he   phys i c i s t   t ook   fo r   g ran ted   t ha t   t he   chemis t  had t h e   c a p a b i l i t y   f o r   p r o -  
v id ing   chemica l   o sc i l l a to r s  as p a r t  of h i s   r e p e r t o i r e .  Both  were  shocked when 
the   phys i c i s t   r ea l i zed   t ha t   t he   chemis t   d id   no t   have   t h i s  - t h a t  ' a l l '  of   the  
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chemis t ' s   p rocesses   were   degrada t ive   re laxa t ions  , and the   chemis t  w a s  shocked . 

t o  f i n d   t h a t   t h e   p h y s i c i s t   d i d n ' t   r e a l i z e   t h i s .  A t  t h a t   p o i n t   i n  time t h e  
dialogue was r e s o l v e d ,   a f t e r  some thought , b y   s u g g e s t i n g   t h a t   i f  a chemical 
reac t ion   were   coupled   to   another   sys tem,   such  as p r o v i d i n g   i n e r t i a   w i t h  a mech- 
a n i c a l   s y s  tem, t h i s   i n   f a c t  would take  care   of   the   .problem  and  'chemical '  
osc i l la tors   could   be   p rovided .   Af te r  a l l ,  t h e   p o i n t  w a s  made, a l l  t h e   p r a c t i -  
ca l   chemica l  ' thermodynamic  engines  worked  this'  way , agd  'couplirig ' w a s  t h e  
e s s e n t i a l   p r o c e s s  b y   w h i c h   b a s i c   f i r s t   o r d e r   p r o c e s s e s   ( i n  a mathematical   sense)  
were  connected  together.  The de ta i l   o f   p roduc ing  180° p h a s e   s h i f t ,   l e a d i n g  
f o r  example t o  

i n  a mechanical   system,  instead  of   leading  to  a n e g a t i v e   s i g n ,  as i n  a chemical 
s ys  tem 

x1 + klx2 = 0 

G2 + k2x1 = 0 

s o  t h a t  .. x - (klk2)x1 = 0 
1 

.. 
x2 ( 1 2) 2 - k k  X = O  

appeared  to   be  only a minor issue c o n t a i n e d   i n   f i n d i n g   t h e   r i g h t  phenomena t o  
couple   wi th .  

However  when this   group  began i t s  f i r s t   s e r i o u s   v e n t u r e   i n t o   b i o l o g y   ( s e e  
(1) fo r   an   ex tens ive   phys i ca l   r ev iew) ,  i t  was r e a l i z e d   t h a t   t h e   i s s u e   o f  chem- 
i c a l   o s c i l l a t o r s  w a s  a more fundamental   quest ion  than  the way i t  f i r s t  may 
appear   to   chemica l   engineers   in   the   chemica l   p rocess   indus t r ies .  The chemical 
p rocess   i ndus t ry   i s sue  is  used as an   ana logue   because   bo th   the   p rac t i t ioner  
of t h a t   f i e l d   a n d   t h e   b i o c h e m i s t   a r e   d e a l i n g   w i t h  a complex  'autonomous' chem- 
i c a l   p l a n t .  

The i s s u e  of t h e   c h e m i c a l   o s c i l l a t o r  was c l a r i f i e d   t o  us when a chemical 
eng inee r ing   co l l eague   ca l l ed   ou r   a t t en t ion   t o  a chemo- thermal   osc i l la - tor   tha t  
he  had come a c r o s s  (a desc r ip t ion   has   been   r ecen t ly   pub l i shed  - s e e  Bush (12 ) ) .  
The problem, we r e a l i z e d ,  was the  broad common p rob lem  o f   non l inea r   s t ab i l i t y  
t h a t  we had  been  pursuing i n  many f i e l d s .   ( S e e ,   f o r   e x a m p l e ,   I b e r a l l ( 3 )   o r   i n  
( 4 ) ,  o r   s e e  ( 1 2 ) ) .  

A t  t h a t   p o i n t   i n   o u r   l e a r n i n g ,  we f i n a l l y   r e a l i z e d   t h a t  a 'chemical '  
o s c i l l a t o r   d i d   n o t   h a v e   t o   b e  a pure  sequence  of  chemical  steps  (e.g.  a group 
o f   chemica l s   o sc i l l a t i f i g   i n   concen t r a t ion   i n  a beaker)  , but   could  ar ise  by 
coupl ing   of   o ther   than   chemica l   s teps   to   chemica l   s teps .  AS we w i l l  d i scuss  
l a t e r ,   t h e r e  was s t i l l  a mis s ing   s t ep   i n   ou r   unde r s t and ing  of  what  might  be 
r e q u i r e d   f o r  a b i o c h e m i c a l   o s c i l l a t o r .  

-. 

40 



Regardless  of  what  the  system was coupled  to.  the  problem  remained one of 
f ind ing  a coupl ing  with a chemica l   p rocess   s t ep   t ha t   wou ld   mke   t he   ove ra l l  
p r o c e s s   l i n e a r l y   u n s t a b l e ,   b u t   n o n l i n e a r l y   s t a b l e  as a l i m i t  c y c l e   o s c i l l a t o r  
(according  to   nonl inear   mechanical   concepts)  , or a thei-modynamic ' engine '   cyc le  
( € . e .   i n  thermodynamic  concepts, a s y s t e m   t h a t   c o u l d   e n t e r   i n t o  a cycle   of   per-  
formance  by  transforming some cons tan t   po ten t ia l   source   o f   energy   in to   energy  
i n   t r a n s i t ,  namely a power supply   involv ing   per iodic   ' t ransformat ion) .  

Wi th   r ega rd   t o   t he   b iochemica l   o sc i l l a to r ,  one major l i n e   t h a t   h a s  s t i m u -  
l a t e d   t h e   q u e s t i o n   o f   t h e   b i o c h e m i c a l   o s c i l l a t o r   h a s   b e e n   t h e   n a t u r e   a n d   o r i g i n  
of   l i fe .   For   example,   us ing  him as a p r o t a g o n i s t  , P a t t e e  (see (4)) has  sug- 
g e s t e d   t h a t   t h e   c e n t r a l   q u e s t i o n   r e q u i r i n g   e x p l a n a t i o n   f o r   t h e   n a t u r e   o f   l i f e  
is i ts  'heredi l tary '   property.  He  asks   what   this  means in   the   l anguage   of  
physics .  He r e j e c t s   t h e  view t h a t   l i f e  "is j u s t  a c e r t a i n   c o l l e c t i o n  of DNA, 
RNA, enzymes,  and  other  molecules i n   t h e   p r o p e r   s p a t i a l   c o n f i g u r a t i o n " .  The 
organization  of  moleCules  by  physics is  known t o   r e q u i r e   f o r  i t s  o r g a n i z a t i o n  
only a few f o r c e s .  As y e t  no  combinations  of  such  forces are known which  can 
be   un ique ly   a s soc ia t ed   w i th   l i v ing   o rgan iza t ions .  Thus he   po in t s   ou t   t ha t  

molecular   b io logis t s   t end   to  . . .underes t imate   the   except iona l   phys ica l   re -  
q u i r e m e n t s   f o r   p e r s i s t e n t   h e r e d i t a r y   p r o c e s s e s . .  .". Sta t ed   aga in ,   he   t h inks  

I 1  

t h a t   " t h e   p o t e n t i a l   f o r   h e r e d i t a r y   e v o l u t i o n  is the   p r imary   charac te r i s t ic   o f  
l i f e .  . . ". 

We submit   that   Pat tee 's   heredi tary  processes   ( '%Heredi tary  processes  re- 
q u i r e   t h e   e x i s t e n c e  of a se t  of r e l a t i v e l y   f i x e d   o b j e c t s   o r  t ra i t s  any  one  of 
which   can   be   t ransfer red   in  a recognizable   form  f rom  parent   to   o f fspr ing   in  
the  course  of  t ime")  represent a p e r i o d i c   p r o c e s s ,   i . e .   t h e r e  is e s s e n t i a l  
need fo r   b iochemica l   o sc i l l a to r s .   De ta i l ed   r ead ing  of h i s   m a t e r i a l ,   s u g g e s t s  
t ha t   Pa t t ee   expec t s   t ha t   p rob lem  to   be   so lved  a t  the  molecular   level .   (For   ex-  
ample:  considering a s imple   he red i t a ry   t ac t i c   copo lymer i za t ion  ". . . i n   such  a 
copolymer,   heredi tary  propagat ion m u s t  depend  on s p e c i f i c   c a t a l y t i c   c o n t r o l  
o f   t he   r a t e s  of monomer a d d i t i o n . . . " .  Then l a t e r ,  i n   d i scuss ing   whe the r   c l a s s i -  
c a l  non-holonomic  machinery  can e x i s t   r e l i a b l e  enough t o   a s s u r e   p e r s i s t e n t  
h e r e d i t a r y   e v o l u t i o n   i n  a noisy  environment,  his b a s i c   c r i t e r i o n   f o r   l i f e ,   h e  
concludes  that   they  can ' t ,   because:  "The e l emen ta ry   r a t e -con t ro l l i ng   o r   l og ica l  
machinery  of  l iving  systems are not   macroscopic   organs  but   individual   molecules  - 
the  enzymes.  Classical   machines  would  have  high  error  rate.  On t h e   o t h e r  
hand ,   l i v ing   ce l l s   execu te   t he i r   he red i t a ry  rules  w i t h   r e l i a b i l i t y   u s i n g   s i n g l e  
molecules. Thus he  concludes,  that  the  dynamic  behavior  of  enzymes, as hered-  
i t a ry   e lements ,   can   no t   be   descr ibed   by   c lass ica l   models . )  

However n o t  a l l  i n v e s t i g a t o r s   o f  a b iophys ica l   bent   have   been   wi l l ing  
t o  w a i t  fo r   the   deve lopment   o f   b iochemica l   osc i l la tors ,   o r  a t  leas t   chemica l  

-I o s c i l l a t o r s ,  a t  a purely  chemical-molecular   level .  ( i . e .  of  what  might  be  re- 
f e r r e d   t o ,   e v e n   i f   c a t a l y t i c   ' m o l e c u l e s '  a re  used, as chemo-chemo coupl ing) .  

The r e a d e r  m u s t  n o t e   t h e   l o g i c a l   p i c t u r e   t h a t   f a c e d  us  a f t e r   o u r   f i r s t  
(1962)  review  paper i n   b i o l o g y  (1). It w a s  c l e a r   t h a t   s e l f - m a i n t a i n e d   o s c i l -  
l a tory   p rocesses  were i n t r i n s i c   t o   b i o l o g i c a l   s y s t e m s .   A c t u a l l y   t h e   p r e c u r s o r  
t o   t h a t   r e v i e w  w a s  work we had  done on the  human body as a the rma l   sou rce ,   i n  
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eva lua t ing   t he   e f f ec t iveness   o f   c lo th ing   s egmen t s   i n   p rov id ing   i n su la t ion .  
The i s s u e  is tha t   i n   o rde r   t o   eva lua te   t he   t he rma l   f l uxes ,   t empnra tu re   po ten -  
t i a l s ,  and  impedances  by  an  ohmic r e l a t i o n ,  w e  had t o   r e c o g n i z e   t h a t   t h e   s o u r c e  
is  an   ac t ive   i ncons tan t   sou rce ;   name ly   t ha t   t he  human is a thermodynamic  engine, 
b u t   t h a t  i t s  internal   combust ion  processes   had  not   been  dynamical ly   evaluated.  
Experimental ly  w e  found a spectrum  of   large power o s c i l l a t i o n s   w i t h i n   t h e  body 
system - with   per iods   o f  2 minutes ,  7 minutes,  30 minutes,  and  3%’hours. Thus , 
i n   a d d i t i o n   t o   w e l l  known o s c i l l a t o r s ,   s u c h  as the  heart   beat  (which  had  been 
analyzed as a n o n l i n e a r   r e l a x a t i o n   o s c i l l a t o r  by  van  der  Pol) , t he   b rea th ing  
o s c i l l a t o r ,  and u n i t   e l e c t r i c a l   p r o c e s s e s   s u c h  as bra in   waves ,  w e  now added 
b a s i c   m e t a b o l i c   o s c i l l a t o r s .  

When  we began  our 1962 review  of   control   in   the  biosystem, we quickly 
found t h e   c e n t r a l   p r i n c i p l e   i n   b i o l o g y   e n u n c i a t e d  as homeostasis ,   or  homeo- 
s t a t i c   r e g u l a t i o n .   T h i s   r e p r e s e n t e d  a r e g u l a t i o n   o f   t h e   i n t e r n a l   v a r i a b l e s  
i n   t h e   s y s t e m  - i t s  f luxes  and p o t e n t i a l s  - independent   of   condi t ions  external  
t o   t h e  complex  organism. It seemed c l e a r   t o  US t h a t   t o   a c h i e v e   s u c h   r e g u l a t e d  
s t a t e s  would r e q u i r e  mechanisms  involved i n  dynamsc r e g u l a t i o n   o r   c o n t r o l .  It 
was s u c h   d e s c r i p t i o n   t h a t  w e  f o u n d   l a c k i n g   i n   t h e   b i o l o g i c a l   l i t e r a t u r e ,   e x -  
c e p t   f o r  a few isolated  instances .   (For   example:   the   model l ing  of   Danziger  
and  Elmergreen  of  thyroid  function  and  of  Yates  and  Urquhart   of  adrenal  func- 
t i o n )  . 

Having  our own obse rva t ions  on t h e   o s c i l l a t i n g   n a t u r e  of metabolic  pro- 
c e s s e s   t o  a d d  t o   t h e  known p e r i o d i c   n a t u r e  of h e a r t   b e a t ,   b r e a t h i n g ,  EEG, t he  
a l t e r n a t i o n  of r e s t  and  wake, we began t o   t r a c e   o u t  a broader  spectrum  of 
p e r i o d i c  phenomena involv ing   au tonomous   osc i l la tors   in   the  complex b i o l o g i c a l  
spectrum.  For  example, we have   found  these   in   o ther   metabol ic   cons t i tuents   in  
blood - blood  sugar ,   b lood   gases   (oxygen   and   C02) ,   l ac ta te ,   f ree   fa t ty   ac ids ,  
e v e n   i n   t h e   f i l e  of r e d  c e l l s   i n   c a p i l l a r i e s .  

Seeking   func t ion   and   s t ruc ture  beyond t h e s e   o s c i l l a t o r y   p r o c e s s e s ,  we 
then   expec ted   to   be   conf ronted   wi th   the   ident i f ica t ion   of   the   regula tors  and 
c o n t r o l l e r s .  However, i t  f i n a l l y  dawned  on u s ,  as we uncovered  the  ubiquity 
of   l a rge   ampl i tude   osc i l la t ions ,   tha t   in   to to   the   ne twork   cha ins  from  which 
t h e   o s c i l l a t i o n s  emerged l i k e l y  made  up the   b io log ica l   sys t em.  Coupled  with 
mechanisms  embodying t h e i r   c o n t r o l   a l g o r i t h m s  , func t iona l ly   t hey   r ep resen ted  
a dynamic  scheme  of  regulation  within  the body for   which we have  proposed  the 
name homeokines is  . 

Homeokinesis  denotes  the  scheme  of  mediation  of  the  operating  conditions 
of a l a r g e   b u t  compact c o l l e c t i o n   o f  autonomous  coupled  oscil lators,   mainly 
by i n h i b i t i o n   o r   r e l e a s e  from i n h i b i t i o n ,  s o  t h a t   t h e i r  mean s t a t e   p rov ides  
the  near   constancy of t h e   i n t e r n a l   v a r i a b l e s .  

>-. 

Thus ,   our   b io logica l  theme came t o   r e s t   w i t h i n   t h e   i d e n t i f i c a t i o n  of 
t hese  dynamic causa l   cha ins   t ha t  make  up the many s p e c t r a l   l i n e s   t o   b e  found 
i n   t h e   b i o l o g i c a l   s y s t e m .  We view the  approach as biospectroscopy,   or  dynam- 
i c s   s y s t e m s   a n a l y s i s .  We have  discussed a number  of t hese   cha ins   i n   va r ious  
r e f e r e n c e s .  
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A t  t he  same time, many molecu la r   b io log i s t s   and   b iophys ic i s t s  became 
inc reas ing ly   i n t e re s t ed   i n   cond i t i cms   fo r   t he   ope ra t ion   o f  a chemica l   osc i l -  
l a t o r .  (See, for  example,   Higgins , (5) -1, Much of  the  impetus w a s  d i r e c t e d  
toward   foundat ions   for   the   theory   o f   l i fe ,   the   l iv ing   process  , and   t he   o r ig ins  
o f   l i f e .  

When w e  enuncia ted   the   osc i l la tory   na ture   o f   macroscopic   p rocesses   in  
t he   b io log ica l   o rgan i sm,  we viewed t h e s e  as be ing  one p a r a l l e l   t r a c k  of  dynamic 
sys tems  ana lys i s  a t  v a r i o u s   h i e r a r c h i c a l l y   o r d e r e d   l e v e l s .  

As p h y s i c a l   s c i e n t i s t s  w e ,  of  course,  had grown up wi th   the   spec t roscopy 
of  atoms.  There was a mis s ing   l i nk  a t  the   molecular   l eve l  of chemica l   osc i l -  
l a t o r s ,  on which w e  w i l l  comment i n  a few sen tences .  We were pleased when 
we discovered  the  work of Goodwin ( 6 )  , who c l e a r l y   e n u n c i a t e d   t h e   c h a r a c t e r  
of t h e   c e l l  as a n   o s c i l l a t o r   s y s t e m .  We, of  course,  were  happy  with  our own 
c o n t r i b u t i o n   t o   t h e  macrodynamics  of   the   ent i re   organism,   and  then  in   exten-  
s i o n   t o   t h e  macrodynamics  of  behavior ( ( 7 )  and I b e r a l l   i n  ( 4 ) )  . 

There  remained  the  gap  associated  with  the  chemical   osci l la tor .   There 
w e r e n o   t h e o r e t i c a l   g r o u n d s   t o   e x c l u d e   t h e   p o s s i b i l i t y ,   o n l y   t h e   q u e s t i o n   o f  
under  what  conditions  could one  be  formed. It was c l e a r   t o  u s  t h e t  i t  could 
be  done on a macroscopic   scale  by coupl ing   wi th   o ther  phenomena. 

It f i n a l l y   o c c u r r e d   t o  US from t h e  work  of B r i t t o n  Chance on metabolic 
o s c i l l a t o r s   i n   c e l l s  and  ours on t o t a l  body  metabolism,  that  much of t h e  
problem was a m a t t e r   o f   s c a l e .  Very much as in   t he   f r ac t iona t ing   co lumn,  it 
i s  a matter   of   f ie ld   s ize   of   compet ing phenomena t o   g e t  a p a r t i c u l a r  dynamic 
r e a c t i o n   t o  come o f f  and   p rov ide   subs t an t i a l   y i e ld ,   t ha t  is t o   e n t r a i n  a 
p rocess   i n to   sus t a ined   ope ra t ion .  We were  pleased t o   f i n d   s u c h  views  sug- 
gested  by  Scr iven  ( in  ( 4 ) ) .  We s t r e s s e d  i t  as coope ra t ive  phenomena (8) .  

It remained for   Katchalsky,  as he  discussed it  a t  the  1969. I n t e r n a t i o n a l  
Biophys ics   Congress ,   to   po in t   ou t   tha t   the   chemica l   engineers   a l ready   had  
a r r i v e d  a t  some o f   t he   t heo re t i ca l   p i eces   fo r   s imp le   ca t a lys i s .  They a r e  
conta ined   in  two parameters   assoc ia ted   wi th   ca ta lys i s  , t h e   r e a c t i o n   l e n g t h ,  
and the   coe f f i c i en t   o f   an i so t ropy .  

Many of   the   i s sues  came in to   focus  a t  t h e  1969 In te rna t iona l   Biophys ics  
Congress ,   no tab ly   in   the   repor t s   o f   Katcha lsky   of   Zhabot insky ' s  work  toward 
a c h e m i c a l   o s c i l l a t o r  and  Katchalsky's  work.  This  occurred  in a s e s s i o n   t h a t  
he   cha i red  on t h e   o r i g i n s   o f   l i f e .  

The work  of  Zhabotinsky is f i n a l l y  becoming a v a i l a b l e .  The f i r s t   e a s i l y  
a c c e s s i b l e   r e p o r t  is i n   Na tu re   ( (9 )  ; t he   ca t a ly t i c   ox ida t ion   o f   ma lon ic   ac id  

-by  potassium  bromate  using  cer ium  t r isulphate  as c a t a l y s t ) .  The remarks  of 
Katchalsky  were  qui te   interest ing.   In   discussing  the  problem  of   achieving a 
c h e m i c a l   o s c i l l a t o r ,   i n  work t h a t   h e  had  done in   ach iev ing   h igh   po lymer ic  
pep t ides ,   he   r e f e renced   t he   p rophe t i c  words   o f   Berna l   for   the   poss ib le   s ign i -  
f i cance   o f   c l ay  as a p r i m e v a l   s u b s t r a t e   f o r   t h e   o r i g i n   o f   l i f e .  More important ,  
he  demonstrated a s c a l e   o f   a b o u t  1000 (us ing  a swel l ing   c lay ,   montmor i l lon i te  

43 



as a pH s e n s i t i v e   s t r a t u m   f o r   t h e   p o l y c o n d e n s a t i o n   p r o c e s s ) .  

Apparently  Katchalsky's  and  Prigogine's   remarks are  a v a i l a b l e  as talks 
they  gave a t  t h e  Second In te rna t iona l   Conference  on Theore t ica l   Phys ics   and  
Biology (10). 

Both  Katchalsky  and  Prigogine s t a r t  t he i r   d i scuss ions   o f   t he   chemica l  
o s c i l l a t o r  (as a l e a d - i n   t o  the b iochemica l   o sc i l l a to r )   f rom the hydrodynamic 
model l ing   o f   rap id   f low,  inhomogeneous d i s s i p a t i v e   p r o c e s s e s .  They regard  
t h e  BGnard c e l l s  (see f o r  example   Scr iven ' s   d i scuss ions   in  ( 4 ) )  as a prime  ex- 
ample  of  such  hydrodynamic  instabil i ty  producing  dynamic  form. 

(Katchalsky: ' I . .  . t h e   ' c e n t r a l  dogma'  of molecular   b iophys ics  a l l  infor.- 
mat ion  about  ... s t ruc tu re   and   func t ion  i s  coded i n  DNA and  the phenomena of 
l i f e  is  on ly   t he   un fo ld ing   o f   t he   gene t i c   s c r ip t .   Gran t ing   t ha t   t he  dogma may 
b e   a c c e p t e d   l i t e r a l l y ,   t h e  dynamics   o f   b io logica l   s t ruc tures  s t i l l  remain  an 
open  problem.. . ' I .  "Structur ing  and  maintenance  of   f low  pat terns   through  the 
coupl ing of  macroscopic  flows is w e l l  known in   c l a s s i ca l   hydrodynamics . .  . ' I .  

"The recogni t ion   tha t   the   coupl ing   be tween  chemica l   reac t ion   and   d i f fu-  
s i o n a l   f l o w  may a l s o  lead t o   i n s t a b i l i t i e s  and  the  formation  of  dynamic  patterns 
i s  due t o  A.M.Turing.. . ' I .  

"The c l a s s i c a l  hydrodynamic  example of  the  maintenance  of  dynamic  struc- 
tures i s  t h e  phenomenon  Bgnard d i scove red   i n  1900".) 

A t  t h i s   po in t   an   a rgumen t   beg ins .  A t  t h i s  moment, t he   on ly   sus t a ined  
o s c i l l a t o r  we  know of is t h e  Bush example. It is  n o t   c l e a r   y e t   w h e t h e r   o s c i l -  
l a t i o n s  w i l l  cont inue   indef in i te ly   in   the   Zhabot insky   examples .   (Al though i t  
is  sa id  t h a t  many people  a re  r e p e a t i n g   a n d   e l a b o r a t i n g   t h e   w o r k ,   o u r   i n t e n t  
i s  n o t   t o   c h a l l e n g e   t h e   p o s s i b i l i t y ,   o n l y   t h e   s c o p e   o f   t h e   i n t e r p r e t a t i o n s . )  
Nor has  B .  Chance y e t  shown o s c i l l a t i o n s   t h a t  w i l l  p e r s i s t   i n d e f i n i t e l y .  

In   our   opinion i t  is i n v a l i d   t o   e x p e c t   c h e m i c a l   o s c i l l a t i o n s   o u t   o f  
s imple r a t e  k ine t i c s   and   d i f fus ion   i n   chemica l   r eac t ions .   Th i s  was p r e c i s e l y  
the  problem we tackled  twenty  years   ago  for  C .  E .  Mason, and  descr ibed most 
g e n e r a l l y  as equ iva len t   t o   p ropaga t ion   i n   an  inhomogeneous R-C l i n e .  

The question  of  whether a molecular   ca ta lys t   can   loca l ly   p roduce   an  
inhomogeneity  capable of producing a l o c a l   o s c i l l a t o r   ( e . g .  a loca l   b iochemica l  
o s c i l l a t o r )   b r i n g s  us up t o   P a t t e e ' s   q u e s t i o n .  We (and we would s u r m i s e  t h a t  
P a t t e e  would  agree)   don ' t  know the  answer.  The requi rement   for  a high  'hered-  
i t a ry '   de t e rminacy  is v e r y   d i f f i c u l t .  

L 

Now wi th   r ega rd   t o   add ing   r ap id   f l ow  p rocesses   t o   t he   p re sc r ip t ion ,  as 
Katchalsky  and  Prigogine  and  Scriven  (and w e  believe  Morowitz)  havedone, 
we have some added  comments. 

Here  the  issue  precedes  Bgnard,  going  back  to  Reynolds  and  the  main- 
tenance  of a t u r b u l e n t   f i e l d .  A s e l e c t e d  l i s t  of   references  through  the 
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c l a s s i c   l i t e r a t u r e  of  hydrodynamic s t a b i l i t y  (some  of the  seminal  work  from 
ea r ly   o r ig ins ,   and  more r e c e n t )  may be  found i n  (11). Some o f   t he   con t r ibu t ions  
of   the   au thor   to   the   'quant iza t ion '   o f   the   hydrodynamic   f ie ld  a re  l i s t e d   i n  ( 1 2 ) .  

In  our  view, we add a d i f f e r e n t   b u t   v e r y   p a r a l l e l   c r i t i c i s m   t o   P a t t e e ' s .  
Our exper ience   wi th   the   hydrodynamic   f ie ld   sugges ts   tha t  wave propagat ion is 
a necessa ry   i ng red ien t   t o   b r ing  a hydrodynamic ' o s c i l l a t o r '   i n t o   b e i n g .   ( I t  
is u s e f u l   t o   p o i n t   o u t   o r  remind the  reader   that   the   Reynolds  number is t h e  
r a t i o  of i n e r t i a l   t o   v i s c o u s   f o r c e s ,  and it t akes  a c r i t i c a l   r a t i o   t o   b r i n g  
' t u rbu lence '   o r   any   o the r   f l ow  s t ruc tu re  - G. I. Taylor   ce l l s   be tween  ro ta t ing  
c y l i n d e r s ,   & n a r d   c e l l s ,   t h e   R i c h a r d s o n   i n s t a b i l i t y  - i n t o   b e i n g . )  

It then   appea r s   t o  us  tha t   the   combina t ion   of  a degrada t ive   p rocess  of 
v i s c o s i t y ,   t h e   i n e r t i a l   f o r c e s   ( e . g .  L-C, m a s s - s p r i n g ,   r o t a t i o n a l   i n e r t i a ,  
buoyant   dens i ty   dens i ty   g rad ien ts  - - -  see  the  c lass ic   argument   conducted  by 
R a y l e i g h ,   s e e k i n g   i n s t a b i l i t y   v i a   i n f l e c t i o n   p o i n t s ,   i n   t h e   f l o w   p r o f i l e  as 
compared to   Reynolds '   search   v ia  a viscous  mechanism,  and  Lin's  subsequent 
d i scuss ions ) ,   i nhomogene i ty   i n   t he   f i e ld ,  and t h e   n o n l i n e a r i t y   ( g e n e r a l l y  
introduced by convect ion)   can  lead  to   hydrodynamic  osci l la tors .  

An a l t e r n a t e   i n g r e d i e n t   f o r   i n s t a b i l i t y   t h a t  may l e a d   t o   a n   o s c i l l a t o r  
is  a 'mechanism' s e l e c t e d  f rom  ano the r   h i e ra rch ica l   l eve l .  The names of some 
typica l   devices   tha t   have   been  used a r e   ' n e g a t i v e   r e s i s t a n c e '   c h a r a c t e r i s t i c s ,  
h y s t e r e s i s   c h a r a c t e r i s   t i c s ,  Monod-Changeux confo rma t ion   cha rac t e r i s   t i c s  , snap- 
diaphragm  action,  tunnel  diodes,   clock  escapement,   or  (as  hoped by P a t t e e )  
s u i t a b l e  quantum  mechanical  non-holonomic  constraints . 

The i d e a ,   g e n e r a l l y ,  is t o  work out  a nonlinear  chain  which is c l e a r l y  . 

l i n e a r l y   u n s t a b l e  and  which  can  feed  from a po ten t i a l   ene rgy   sou rce .  Poincare' 
used  the  snap-diaphragm as a s t a t i c   i l l u s t r a t i o n   o f   i n s t a b i l i t y .  I t  i s  ana lo -  
gous in   concept   to   the  Monod- Changeux  mechanism. However ( a s   P a t t e e   a l s o  
implies)  , a snap-diaphragm w i l l  n o t   c r e a t e   a n   o s c i l l a t i o n  by i t s e l f .  AS with 
a l l   ' n e g a t i v e   r e s i s t a n c e '   d e v i c e s ,   t h e y   a r e  commonly yoked w i t h   a n   i n e r t i a l  
system, s o  tha t   t he   ove ra l l   non l inea r   sys t em w i l l  c o n t i n u e   t o   o s c i l l a t e .  
Whether we have  s imply  deferred  the  quest ion of t he   need   fo r   i ne r t i a l   fo rces  
as w e l l  as n o n l i n e a r i t y   t o   a n o t h e r   l e v e l  is n o t   c l e a r .  

We i d e n t i f y   t h i s   a s   r e f e r e n c e   t o   a n o t h e r   h i e r a r c h i c a l   l e v e l   b e c a u s e  
( i l l u s t r a t i v e l y )  a ' n e g a t i v e   r e s i s t a n c e '   c a n n o t   b e   ' c o n s t r u c t e d '  a t  t he  same 
h i e r a r c h i c a l   l e v e l   a s   s i m p l e   ' p a s s i v e '   p o s i t i v e   r e s i s t a n c e s .   T h e r e  i t  v i o l a t e s  
the laws  of  thermodynamics. B u t  by   cons t ruc t ing   i ng red ien t s   fo r  a thermody- 
namic  engine  from  another  level,   they  can  be  brought  in  without  any  overall  

form  or  function of a n o t h e r   l e v e l .   I f   t h e r e  is one l e v e l   a t  which  per iodic  
function  can  be  achieved,  then i t  i s  p o s s i b l e   f o r  i t  to   be   ach ieved  a t  a l l  
levels.  In  our  cosmology we have  the  inter-conversion  of  mass and  energy  in 
the  universe  as a p r i m a r y   ' o s c i l l a t o r '   s o u r c e .  

. cont rad ic t ion .   Loose ly   pu t ,  i t  is func t ion  a t  one  level   that   can  provide 

Thus ,   Pa t tee ' s   uneas iness   about   b iochemica l   osc i l la tors  is buried a t  t h e  

45 



l eve l   o f   f i nd ing  a s u i t a b l e  nonholonomic  constraint  a t  the   molecular   l eve l ;  
ours  of  f inding  one a t  another   h ie rarch ica l   l eve l   which   can   be   coupled   to  
t h e   b a s i c   l e v e l .  We both are i n   f a v o r   o f   s u i t a b l e   s u b s t r a t e s   f o r   s u s t a i n i n g  
t h e   r e a c t i o n s .  

In   our   opinion,  Bush has  found a su i tab le   subs   t ra t ' e  - the  CQUpling t o  a 
thermal  boundary  layer  that   provides  the  escapement.  We a r e   i n t r i g u e d  by 
Katchalsky 's   use   of   c lay  ' substrate '   which  by  per iodic   swel l ing  and  re laxa-  
t i o n   c a n   a c t  as an  escapement.  Such o r  similar subs t ra te   pa ths   ought   to   be  
a b l e   t o   l e a d   f i n a l l y   t o   b i o c h e m i c a l   o s c i l l a t o r s .  B u t  they m u s t  be  found as 
s p e c i f i c  dynamic  'escapements'.  The s t a t i c   c o n d i t i o n s  - t he   doub le   he l ix ,  
and  other   detai ls   of   molecular   arrangements  - may be  necessary  condi t ions,  
bu t   t hey   do   no t ,  of themselves ,   create   the  dynamic  condi t ions  for   sustained 
o s c i l l a t i o n .  

The impor tan t   cont r ibu t ion  of Katcha lsky ' s ,   repea ted   aga in ,   in   our  
opinign is that   he   demonstrated a s c a l e ,  a t  n e a r   s o l i d   s t a t e  domain s i z e  
(1000A) rather   than  molecular   or   macroscopic   s ize ,   which  can  be  conducive  to  
p roduc ing   an   o sc i l l a to r .  A concluding  thought   for   chemical   engineers   interested 
i n   b i o l o g i c a l   c o n t r o l   m i g h t   b e   t h a t  as t h e   p a s t  2 5  years  have  demonstrated  in 
many ways , one may n o t   b e   a b l e   t o   e s t i m a t e   i n   a d v a n c e   t h e   s i z e  of the  volume, 
t h e   ' b e a k e r ' ,   t h a t  one can  use as a u n i t   c e l l   i n  some continuous  f low  relaxa- 
t i o n   p r o c e s s ,   i n   t h i s   c a s e   t h e   ' b e a k e r '   o r   ' c r u c i b l e '   f o r   l i f e   p r o c e s s e s  them- 
s e l v e s .  He m u s t  gu ide   h imsel f   accord ingly  as he   seeks   the   'un i t   p rocesses '   in  
t h e   b i o l o g i c a l   s y s  tem. 

. 
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111. DYNAMIC REGUMTION OF.THE BLOOD GLUCOSE LEVEL 
Abs t r ac t  

Harmonic f luc tua t ions   wi th   per iods   cen tered   in   bands   a round 50 and 
100-150  seconds  were  observed i n   t h e   g l u c o s e   l e v e l   o f  ra t  a r t e r i a l   b l o o d .  The 
ampli tude  and  f requency  of   these  osci l la t ions were found in   bo th   unanes the t ized  
and anes the t ized   an imals  . 

In a second  phase , pharmacological  agents were admin i s t e red   t o   anes   t he -  
t i z e d  t e s t   an ima l s  and t h e  dynamic  glucose  response  noted. From t h e  resul ts  
some poss ib l e   r egu la to ry   cha ins   t ha t  may be   r e spons ib l e   fo r   each   f l uc tua t ing  
band are   sc reened .  

I n t r o d u c t i o n  
The concept   of   homeostasis   pictures  a b i o l o g i c a l   s y s t e m  as having  in-  

t r i n s i c   a u t o r e g u l a t o r y   p r o p e r t i e s .  When the   sys tem is s u b j e c t e d   t o  a t r a n s i e n t  
d i s tu rbance ,  one o r  more o f   t he   r egu la t ed   me tabo l i c   o r   behav io ra l   va r i ab le s  
w i l l  be   d i sp l aced  from t h e   r e g u l a t e d   s t a t e   o r   l e v e l .   A f t e r   t h e   d i s t u r b a n c e  
ceases ,   t hese   va r i ab le s   a r e   expec ted   t o   r e tu rn   t o   t he   r egu la t ed   s t a t e .   Accord -  
i ng   t o   t h i s   hypo thes i s  , t h e  body  main ta ins   cons tan t   concent ra t ion   leve ls  of 
endogenous  substances. An example  of  such a r e g u l a t e d   v a r i a b l e  is the  blood 
g lucose   concent ra t ion .  

Cahi l l   (1 )   and   Franckson   e t   a l .  ( 2 )  s u g g e s t   t h a t   t h e   s e t t l i n g   p r o c e s s  
t o  a r egu la t ed   g lucose   l eve l ,   a f t e r   g lucose   i n t ake ,   fo l lows   f i r s t   o rde r   k ine t i c s .  
That i s ,  the  course of  g lucose   concent ra t ion  is  a s imple  exponent ia l   decay  to  
a s teady  pos  tabs  orpt  ive  leve 1. 

Another   poss ib le   regula tory   response   fo l lowing  a t r a n s i e n t   d i s t u r b a n c e  
is  one i n  which   the   re turn   to   the   opera t ing   leve l  is cha rac t e r i zed  by s e q u e n t i a l  
overshoots   and  undercompensat ions.   These  generate   an  osci l la tory  pat tern.  The 
mean l e v e l  may r e t u r n   t o   t h e   o r i g i n a l   l e v e l ,   b u t   h i g h   f r e q u e n c y   o s c i l l a t i o n s  
around  the mean l e v e l   c o u l d   p e r s i s t ,  and may i n   f a c t ,   b e   c h a r a c t e r i s t i c  of   auto-  
r e g u l a t i o n  (Hansen (16)  and I b e r a l l   e t  a l .  ( 1 5 ) ) .  

One might   expect   biologic   regulat ion  to   be  dependent  upon dynamic  pro- 
cesses  , o c c u r i n g   w i t h i n   f i n i t e   i n t e r v a l s  of t ime. Changes  of i n t e rmed ia t e ,  
by-product  or  end-product  concentration  within  the  chemical  pathways  could 
provide  measures   for   each  regulatory  or   control   process .  It might   therefore  
be   expec ted   tha t   the   absolu te   l eve l   o f   these   subs tances  would n o t   b e   s t a t i c ,  
bu t  would f l u c t u a t e   o r   o s c i l l a t e  a t  r a t e s   r e p r e s e n t a t i v e  of the   metabol ic   pa th-  
way of which  they a re  p a r t .  One is therefore   conf ronted  by two extreme  models - 
one a s t a t i c  model i n  which  there is a t r a n s i e n t   r e t u r n   t o  a s t a t i c   s t e a d y  
s t a t e   a f t e r   d i s t u r b a n c e s  , and t h e   o t h e r  a dynamic  model i n  which  the  system is 
i n  a c o n s t a n t   s t a t e   o f   f l u c t u a t i o n .  

Control of t h e   s t a t e  o f   t h e   i n t e r n a l   m i l i e u  by dynamic f l u c t u a t i o n s   h a s  
been  described as homeokinesis ( 3 ) .  This  concept is dependent upon the  neces-  
s i t y  o f   o s c i l l a t i o n s   f o r   f u r n i s h i n g   t h e   r e g u l a t i o n  of the   b io logic   sys tem  pre-  
mised  by homeos t a s  is  . 

The i n n a t e   c y c l i c a l i t y   a s s o c i a t e d   w i t h   b i o l o g i c a l   r e g u l a t i u ; ;  vas 
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p o s t u l a t e d  by Goodwin ( 4 )  f o r  a s i n g l e   c e l l ,  and  experimentally  documented  by 
I b e r a l l  (5) fo r   an   en t i r e   o rgan i sm.   Ibe ra l l   demons t r a t ed   sus t a ined   me tabo l i c  
o sc i l l a t ions   ( i n   minu te   vo lume ,   and   i n   hea t   p roduc t ion )   hav ing   pe r iods   i n   t he  
range  of  90-130  seconds , 340-500  seconds , 30-40  minutes  and  3%-5  hours.   Further 
i n v e s t i g a t i o n  of t he  phenomenon by I b e r a l l  and  Cardon ( 6 )  confirmed  the  presence 
o f   t hese   o sc i l l a t ions   occu r r ing   i n   t he   r anges  1-2 minutes ,   5-10  minutes ,   near  
20  minutes , 40-60 minutes  and  2%-3%  hours. Goodman e t  a'l. (7) andlLenfant (8) , 
us ing   r e sp i r a to ry   gases  as the  measured  variables , fur ther   conf i rmed  the  
p re sence   o f   o sc i l l a t ions .  The phase  relations  between  minute  volume, oxygen 
uptake   and   carbon  d ioxide   e l imina t ion   were   a l so   expl ic i t ly   exhib i ted   by   Lenfant .  

A d d i t i o n a l   i n t r i n s i c   b i o l o g i c a l   o s c i l l a t i o n s   w e r e   f u r t h e r   d e m o n s t r a t e d  
by I b e r a l l   e t  a l .  ( 9 ) .  They demonst ra ted   osc i l la t ions   wi th  similar t ime  sca les  
i n  a number  of a d d i t i o n a l  mammalian metabol ic   regulatory  systems.  

Other  observations of f r ee   runn ing   pe r iod ic   cyc le s   i n   l i v ing   o rgan i sms  
a re   be ing   r epor t ed   w i th   i nc reas ing   f r equency .  We c i t e  some i l l u s t r d t i o n s :  
hemoglobin  synthesis by e ry th rocy te s   w i th  a period.  of 50 seconds (10) ; a n i n e t y  
minute  cycle of o r a l   a c t i v i t y   ( 1 1 ) ;  a 2 t o  5 day cyc le  of urinary  sodium  ex- 
c re t ion   (12 )  ; a circadian  rhythm  of   behavior   induced  in  rats (13) ; o r  a 3 112 
h o u r   o s c i l l a t o r y   p a t t e r n   i n   t h e   n o r m a l  human b lood   co r t i so l   l eve l ,   wh ich  i s  
shortened  in  individuals  with  Cushing's  syndrome  (14).   These  are  examples of 
sus ta ined   osc i l la t ions   wi th   per iods   o f   seconds   to   days .  

Wheras I b e r a l l ' s   f i r s t   s t u d i e s  (5 ,  6 ,  15) could   on ly   ident i fy  a 
rather  broad  high  frequency band (wi th   per iods   in   the   range  30 t o  200 
seconds)  in  which a number  of concomittant  metabolic  parameters  might  be 
o s c i l l a t o r y ,  i t  w a s  c l e a r  from Goodman's s t u d i e s   t h a t  a number 8f non- 
s t a t iona ry   ( e .g .   va ry ing )   f r equenc ie s   cou ld   ex i s t .  

Thus i t  is  t e m p t i n g   t o   p o s t u l a t e   t h a t   t h e   g e n e r a t i o n   o f   o s c i l l a t i o n s  
of p a r t i c u l a r   p e r i o d s  may l i k e l y   b e   a n   i n t r i n s i c   c h a r a c t e r i s t i c  of  the  regula- 
t o ry   p rocesses   o f   t he   b io log ica l   sys t em.   Th i s   i nves t iga t ion   a t t empt s   t o   p robe  
more deeply a t  one s u c h   c y c l i c   p r o c e s s   i n   o r d e r   t o   p r e s e n t  more d e f i n i t i v e   e v i -  
dence  for  i t s  e x i s t e n c e  , and t o   t e s t   f o r   p o s s i b l e   s i t e s  of generat ion of the 
o s c i l l a t o r y  components i n   t he   r egu la to ry   cha in   and   p l aus ib l e   a s soc ia t ed  mecha- 
nisms : f o r  example,   whether   glucose  osci l la t ions  involve  interact ions  between 
the   l iver ,   pancreas   and   adrena l   medul la .  

While s p e c t r a l   a n a l y s i s  is d i f f i c u l t ,   p a r t i c u l a r l y   i n   c a s e s   i n  which 
the  presence of o s c i l l a t i o n s  is  in   doub t ,   neve r the l e s s   such   s tud ie s  are es- 
s e n t i a l   t o   a n   u n d e r s t a n d i n g  of t he  dynamics  of in te rac t ing   organ   sys tems  wi th-  
in  the  complex  organfsm. . 

T h i s   p a r t i c u l a r   s u b j e c t  is  in  controversy.   Since  Hansen's work  (1923, 
s ee   (16 ) ) ,   t he re   have   been   r epor t s  of o sc i l l a t ions   i n   b lood   g lucose .  The 
current   tendency i s  t o   b e l i e v e   t h a t   o s c i l l a t i o n s  do n o t   e x i s t .  The challenge, 
by some h i g h l y   r e p u t a b l e   i n v e s t i g a t o r s   i n   t h e   f i e l d ,   o f   a n   e a r l i e r   r e p o r t   ( 1 5 ) ,  
has made th i s   s econd   more . ca re fu1   s tudy   e s sen t i a l .  
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In  1923  Hansen (16) n o t   o n l y   r e p o r t e d   o s c i l l a t i o n s   i n  human blood 
g lucose   l eve ls  , bu t   even   pos tu l a t ed   t ha t  5hey   were   ins t rumenta l   for   cont ro l .  
Other ,  more r e c e n t   i n v e s t i g a t i o n s  (17, 18) have  reported  blood  glucose  osci l -  
l a t i o n s   i n  human,  dog  and  guinea p i g   s u b j e c t s .  

Discre te   osc i l la t ions   have   o f ten   been   observed   bu t   no t   descr ibed .  
Burns'  (19)  graphs i l l u s t r a t e  damped o s c i l l a t i o n s ,   a n d  a p l o t  of  Himsworth'.~ 
(20)  1939 data s i m i l a r l y   r e v e a l s   c y c l i c   o s c i l l a t i o n s .  The f a i l u r e  of many t o  
observe   the   rhy thmic   osc i l la t ions   o f   the   b lood   g lucose   l eve l  may be  due t o  

1 sampling  techniques  in  which  the  blood is pooled as it  is withdrawn  by down- 
s t r eam  ves se l   occ lus ion ,   o r ,  by  mixing  of  the  blood  during  active  withdrawal 
with a s y r i n g e .   S t i l l   a n o t h e r   c a u s e  may be   t he  u s e  of  automated  laboratory 
procedures  which  also  can mask any  f luctuations  between  samples by  mixing, 
and  .thus dampen t h e   o s c i l l a t i o n   a m p l i t u d e s .  

In   previous  invest igat ions  glucose  osci l la t ions  have  been  measured 
p r i m a r i l y   i n  venous  blood.  Only  the  work  of  Anderson (18) and I b e r a l l  e t  a1 . 
(15 )   a t t empt   t o   co r re l a t e   t he  venous  sample  data  with  simultaneously drawn 
and ana lyzed   samples   f rom  the   a r te r ia l   bed .   For   th i s   s tudy  a procedure was 
developed i n  which  f ree   f lowing  ar ter ia l   b lood  samples   could  be  col lected 
and ana  lyz ed . 

I n   t h i s   r e p o r t  we cover two exper imenta l   inves t iga t ions  : t h e   f i r s t   t o  
show whether   anesthesia   has   any  effect  on the   g lucose   f l uc tua t ions ,  and t h e  
second t o   t e s t  some possible   hypotheses  as to   t he   sou rce   o f   t he   f l uc tua t ions .  
As i n d i c a t e d   i n   t h e   f i r s t   t e s t  program  the  results  obtained  from  unanesthetized, 
res t ra ined  animals   were compared wi th   i den t i ca l ly   p repa red   an ima l s   anes the t i zed  
wi th   Pen toba rb i t a l  Na. 

A .  Test   Program 1-  the^ Effect   of-Anesthesia  on Glucose   Osc i l la t ions  

Methods 

Two groups  of  adult  , male , Wistar rats were  used. The an ima l s   i n  
group one were   anes the t i zed   w i th   Pen toba rb i t a l  N a  (30 mg/kg I P ) .  Those in 
group two were   anes the t ized   wi th   d ie thyl   e ther ,   and   rega ined   consc iousness  
p r i o r  t o  blood  sampling. 

The operat ive  procedure w a s  ident ica l   for   bo th   g roups .   Af te r   shaving  
the abdomen, a mid l ine   i nc i s ion  was made and the  abdominal   contents   def lected 
t o   t h e   l e f t .  From i t s  o r i g i n  a t  t h e   a o r t a ,   t h e   r i g h t   i l i a c   a r t e r y  was sepa-  
Fated from t h e   s u r r o u n d i n g   t i s s u e ,   f o r  a dis tance  of   one  cent imeter .  Two 
l iga tures   were   loose ly   p laced   under   the   vesse l   and   re t rac ted .  The v e s s e l  w a s  
cannu la t ed   i n   t he   d i r ec t ion   o f   t he   ao r t a   w i th  a h e p a r i n   f i l l e d   s h u n t .   A f t e r  
securing  the  proximal  end,  the  tubing was looped  back upon i t s e l f  and i n s e r t e d  

Also J. S i e r a c k i ,  U. P i t t s .  , personal  communication. 
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i n t o   t h e  same v e s s e l  j u s t  d i s t a l   t o  i t s  e x i t .  With t h e   t u b e   l i g a t e d   i n   p l a c e ,  
a l l  blood  flow was shun ted   f rom  the   r i gh t   i l i ac   a r t e ry   t h rough   t he   t ube ,  
a n d   b a c k   i n t o   t h e   a r t e r y  a t  a distance  approximately  one  centimeter  from i t s  
point  of  emergence. The tube was ex terna l ized   th rough  the   abdominal   inc is ion .  
The i n c i s i o n  was s u t u r e d  , and  the  f ree   f low  of   blood  through  the  tubing  ver i -  
f i e d .  

The shunt   cons is ted   o f  two 5 mm lengths   of   vinyl   tube (.O .34" I D  x 
.046" OD) inser ted   in to   the   ends   o f  a 20 c e n t i m e t e r   l e n g t h   o f   s i l a s t i c  
tubing  (.040" I D  x .085" OD).  An 18  gauge s t a i n l e s s   s t e e l  T ,  a t t a c h e d   t o  a 
t h r e e  way s topcock (/I3139 Becton-Dickinson) was i n s e r t e d   i n t o   t h e   s i l a s t i c  
tube ,   such   tha t   f ree   f low was maintained  through  the  tubing and T connect ion.  
A te f lon   adapter   inser ted   in to   the   s topcock   permi t ted   sampl ing   f rom  the   s ide  
arm  of t h e   c o n n e c t o r   i n t o   c a l i b r a t e d  100 Lambda c a p i l l a r y   t u b e s ,   w i t h o u t  
leakage,  sample  blood  mixing  or need fo r   ac t ive   w i thd rawa l   (F ig .  1). The dead 
space   wi th in   the   sampl ing   sys tem w a s  0 .05  cc .   This  volume was f lushed  with 
b l o o d   p r i o r   t o   f i r s t  sample-.  Blood  samples  from  group  one  were  drawn wi th  
the   an imal   anes the t ized .  .The an imals   in   g roup   two-were   p laced   in   res t ra in ts  
w h i l e   a n e s t h e t i z e d .  The samples   were   co l lec ted   f rom  these   ind iv idua ls   a f te r  
complete  recovery  from  anesthesia.  Normal a r o u s a l  was determined  by  the  ini-  
t i a t i on   o f   mo to r   ac t iv i ty ,   man i fe s t ed  by a t t e m p t s   t o   e s c a p e   t h e   r e s t r a i n t .  

A t  15  second  intervals   the  s topcock was opened  and 0 .1  m l  samples  of 
blood  were  col lected  in   the  Corning #7099 ca l ib ra t ed   g l a s s   mic rop ipe t s .  Each 
blood  sample was immediately  placed  in 0 .5  m l  of  0.5% ZnSO4-5H20. To t h i s  
was added  0.5 m l  of  0.3% Ba(OH)2. 

The con ten t s  of the  tubes  were mixed  and  allowed t o   s t a n d   f o r   f i v e  
minutes.  They w e r e   t h e n   c e n t r i f u g e d   t o   p r e c i p i t a t e   t h e   c e l l s ,   a n d   0 . 5  m l  
o f   supe rna tan t   p ipe t t ed   o f f   fo r   ana lys i s .   I n   fou r   an ima l s   (# lo -13)   an   add i -  
t i o n a l  0.1 m l  a l i q u o t  of   superna tan t  w a s  removed  from  each  sample,  and  pooled 
t o  form a volume  of 2 .4  m l .  After   mixing,  a 0.5 m l  sample was drawn  from 
th i s   poo l  and  analyzed  for  glucose.  The procedure  followed w a s  i d e n t i c a l  
wi th   tha t   used   for   the   o ther   samples .  The mean concent ra t ion   of   g lucose   for  
each  animal was c a l c u l a t e d  from the   f i f t een   s econd   s e r i a l   s amples .   Th i s  
c a l c u l a t e d  mean was compared with  the  glucose  concentrat ion  of   the  pooled 
sample.  (Table 1). 

Glucose was determined  according  to   the  micro method of  Folin-Wu ( 2 1 ) .  
An a d d i t i o n a l   s u c t i o n   f i l t r a t i o n   o f   t h e   f i n a l   s o l u t i o n  j u s t  p r i o r   t o   i n t r o -  
duc t ion   in to   the   spec t rophotometer  was added t o  remove  any in so lub le   ma te r i a l  
suspended   i n   t he   so lu t ion .  The o p t i c a l   d e n s i t y  was measured a t  420 using 
a Research   Spec ia l t ies  Co. spectrophotometer Model 4000 coupled  with a model 
4400 Datasc r ibe   p r in t   ou tpu t .  

A t o t a l  of  twenty  four,   0.1 m l  samples  taken a t  15 second  in te rva ls  
were drawn  from  each  animal.  This  represented a t o t a l   o f   2 . 4  m l  drawn  over 
a s i x  minu te   pe r iod ,   p lus   an   add i t iona l  small volume for   purging  the  system 
af ter   complet ion  of   blood  withdrawal .  Each  animal was p l a c e   i n  a ca.ge,  and 
a l l ,  i nc lud ing   t hose   anes the t i zed  , a f t e r   r e c o v e r y  from  anes  thes Fa , appeared 
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normal. The d a t a  w a s  ana lyzed   accord ing   to  a ' p e n c i l  filtering'method,discussed 
by  Halpern e t  al. (22 ) .   Bas i ca l ly   t he   t echn ique   cons i s t s   o f   p lo t t i ng   t he   con-  
cent ra t ion   o f   g lucose   in   mi l l ig rams  percent  (mgX) for   each  sample  against   t ime 
(F ig .   2a) .  From th is   g raph ,   the   cyc le  maxima ( o r  minima)  were  counted  and 
d iv ided   in to   the   to ta l -   e lapsed   sample   t ime  ( seconds) .  The highest   f requency 
observed  with  the 15 second rate had a period of about  50 seconds.  

The s lower   cyc le   f requencies   were   ob ta ined   by   success ive   f i l t e r ing  
(Fig.   2b) .   This  was accomplished  by  joining  the  midpoints   of   the   l ines   be-  
tween minima and maxima i n   t h e   o r i g i n a l  da ta  p l o t .  The new  maxima a r e   a g a i n  
counted and divided  by  the  t ime  e lapsed.   For   this  , the  t ime is  t h e   i n t e r v a l  
be tween  the   ends   o f   the   f i l t e red   l ine .   Success ive   f i l t ra t ion   o f   the   da ta  
produces a sequence  of   increasing  per iods.  

Resul ts  

A l l  animals   recovered  f rom  the  operat ion  and  anesthesia ,   and  did  not  
appear   to   have   any   res idua l   adverse   reac t ions .  

The blood  glucose  concentrat ion was found t o   o s c i l l a t e   i n  a l l  animals 
s t u d i e d ,   w i t h  a maximum s ingle   ampl i tude  of 2 15 mg%. With in   the   t es t   per iod  
sampled, two d is t inc t   cyc les   were   observed   in   the   anes the t ized   an imals   (F ig .  
3a,   Table 2 ) .  The f i r s t   p e r i o d  found w a s  about 50 seconds and the  second 
period was about 100 seconds.  

The b lood   g lucose   l eve l s   o f   t he   unanes the t i zed ,   r e s t r a ined   an ima l s   a l so  
exh ib i t ed  two pe r iods   o f   o sc i l l a t ions  of about 50 and  100  seconds, similar t o  
the   anes the t ized   an imals   (F ig .   3b ,   Table  2 ) .  

Al though  great   d i f ferences  in   concentrat ions  are   observed  between many 
successive  samples  drawn  from  the same animal ,   the  mean blood  glucose  concen- 
t r a t i o n   f o r  a l l  an imals   t es ted  w a s  85 mg%. This same va lue ,  found  by  averaging 
a l l  sample  concentrations,   could  be  observed by  drawing  one  large  sample  of 
blood  over a per iod  of   not   less   than 50 seconds.  

From the   da ta   p resented   in   Table  3 i t  appea r s   t ha t   t he   f l uc tua t ions  
found  using  this  sampling  and  analysis  technique are  n o t   a n   a r t i f a c t .   I n   e a c h  
case  (animals  10-13)  the  pooled  supernatant mean va r i ed  by  no more than 4 mg% 
from t h e  mean c a l c u l a t e d  from the   absolu te   g lucose   concent ra t ions  a t  f i f t e e n  
second  in te rva ls .  On the   o the r   hand ,   t h i s   va lue  is  only a small f r a c t i o n  of 
the   var iance   exhib i ted   by   the   ind iv idua l   samples .  

* 
?o t e s t   t h e   s i g n i f i c a n c e  o f   t he   f l uc tua t ing   ampl i tudes   fu r the r ,   add i -  

t i o n a l   a n a l y s i s  w a s  performed i n  a second  phase  of   this   s tudy.  
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B .  Test  Program 2 - Fur ther   Ref inement   o f   S ta t i s t ics   and  Some 

Tes ts   o f  Mechanisms fo r   t he   Source   o f   Osc i l l a t ions  

~~ ~. ." 

C r i t i c a l   r e v i e w   o f   t h e s e  d a t a  suggested a d isbe l l le f  as t o   , t h e i r  re- 
l i a b i l i t y  and   the   reques t   for   fur ther   re f inement   o f   methods   for   assur ing   the  
r e l i a b i l i t y  of   the s t a t i s t i c a l  sampl ing .   S ince   the   i s sue  raised w a s  no t   whether  
g l u c o s e   o s c i l l a t e s   i n   t h o s e  t e s t  an imals   under   anes the t ic  as compared t o   n o  
a n e s t h e t i c  ( i . e .  one r e s u l t  w a s  d i sbe l i eved  as much as t h e   o t h e r ) ,  w e  chose   to  
u s e  an  experimental   protocol   under   which  our   animals  were a n e s t h e t i z e d   f o r  
f u r t h e r   s t u d y .  However, we proposed t o  show a ca l ib ra t ion   background   fo r   ou r  
time  sequenced d a t a .  The c a l i b r a t i o n  background is i n t e r l e a f e d  a t  random wi th  
t h e  t e s t  samples.  

A t  t h e  same t i m e ,   t o   a v o i d   t h e   i n f i n i t e l y  s t e r i l e  exerc ise   o f   endless  
r e p e t i t i o n   o f   s t u d i e s   t o   p r o b e  a t  t h e   r e a l i t y   o f   o s c i l l a t i o n s ,  we proposed t o  
examine a hypothes is  d i s c u s s e d  e a r l i e r  (9)  , whether   the   g lucose   osc i l la t ions  
and  other  metabolic  concomitants  (heat,   oxygen  uptake,  C02 p r o d u c t i o n ,   l a c t a t e  
p roduc t ion )   migh t   be   r e l a t ed   t o  'a p o s s i b l e   f l u c t u a t i n g   c e n t r a l l y   e l a b o r a t e d  
ca t echo lamine   s igna l .  

Abs t r ac t  

From four  groups  of rats , one  being a cont ro l   and   the   o thers   p re-  
t rea ted   wi th   e i ther   2 -deoxy-d-g lucose ,   g lucagon,   o r   surg ica l   adrena lec tomy,  
24 se r i a l   s amples   o f   f r ee   f l owing  a r t e r i a l  b l o o d   w e r e   c o l l e c t e d   a t   f i f t e e n  sec- 
ond intervals  and  analyzed  for  glucose,   using  the  Folin-Wn  micro  method. 

AnaLys is of  the  data showed tha t   the   b lood   g lucose   l eve l   var ies   wi th  
a r egu la r   pe r iod ic   pa t t e rn .   F requency   ana lys i s   by   bo th  a p e n c i l - f i l t e r i n g  
of  data  and a computer ized   Four ie r   ana lys i s ,   d i sp layed   f requency   charac te r i s -  
t i c s  which  were d i s t inc t   fo r   each   g roup   t e s t ed .  The control  group  and  glucagon 
t r ea t ed   g roup   exh ib i t ed   o sc i l l a t ions   w i th   pe r iods   i n   t he   r ange  40-60 sec.  , 
120-180 s e c  , and  perhaps 75-90 s e c .  The 2-DG t r ea t ed   g roup   exh ib i t ed   o sc i l -  
l a t i o n s   i n   t h e   r a n g e  40-60 s e c  and  perhaps 75-90 s e c .  The adrenalectomized 
g roup   exh ib i t ed   o sc i l l a t ions   w i th   pe r iods   i n   t he   r ange  40-60 sec  and  120-180 
s e c .  

From the  resu l t s  of   harmonic   ana lys i s   for   the  d a t a  of  each  group  and 
t h e  known c h a r a c t e r  of t h e   t h r e e   t r e a t m e n t s  - 2-DG t o   i n h i b i t   p e r i p h e r a l  
uptake  of   glucose  and  to  s t imu la t e  the   ad rena l   medu l l a   t o   l i be ra t e   ep inephr ine ;  
glucagon t o  
r e n a l  medul 
ep inephr ine  
l inked   wi th  

Th e 
na ture   o f  g 

s t i m u l a t e  g l u c o s e   r e l e a s e  from  the  l iver   and t o  s t i m u l a t e   t h e  a d -  
a t o   l i b r a t e   e p i n e p h r i n e ;  and   ad rena lec tomy  p r inc ipa l ly   t o   e l imina te  
l i b e r a t i o n  from  the  adrenals  - phys io logic   p rocesses   mos t   l ike ly  
the   observed   cyc l ic   p rocesses  a re  p o s t u l a t e d .  

o b s e r v e d   o s c i l l a t o r y   p r o c e s s e s   a r e   i n d i c a t i v e   o f   t h e  more complex 
u c o s e   r e g u l a t i o n   w i t h i n   t h e   l i v e r   t h a n  is  commonly suspec ted .  
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I -  

Methods 

Twelve male Wistar rats , each  weighing 300 t o  400  grams,  were 
randomly  segregated  into  four   groups.  The animals   were  fas ted  for   twelve 
hour s   (wa te r   ad   l i b )   p r io r   t o   b lood   g lucose   ana lys i s .  Group A was un t r ea t ed .  
Group B was pretreated  with  2-deoxy-d-glucose  (750 mg/kg S.C.) , and  Group. C 
with  glucagon  (400 mg/kg  I.A.) both  obtained  from  Calbiochem, Los Angeles, 
Cal i fornia . .  The rats i n  Group D were  adrenalectomized  10  to 14  days p r i o r  
t o   t e s t i n g .  

Fo l lowing   anes thes i a   w i th   Pen toba rb i t a l  N a  (35 mg/kg) , the  same s u r g i -  
ca l   p rocedure  was used as d e s c r i b e d   e a r l i e r .  

The co l l ec t ion   t echn ique  was a l s o  as desc r ibed   ea r l i e r .   Be fo re   co l -  
l ec t ing   t he   i n i t i a l   s ample ,   t he   dead   space   (0 .05ml )   w i th in   t he   s topcock  and 
s i d e  a r m  o f   t h e   s t a i n l e s s   s t e e l  "T" w a s  purged  with a drop of  blood  from  the 
animal.   Twenty-four  serial   blood  samples  were  then  collected a t  f i f t e e n  
second i n t e r v a l s  from  each  animal  through  the  side a r m .  Serial   sample  blood 
withdrawal  from  groups A and D were made immediately  following  surgery.  

In a p re l imina ry   s tudy  of two supplementary  groups , the  time  of  peak 
2 - D G  and  glucagon  acti .vity  had  been  determined  (Fig.   4).   In  these  groups 
duplicate  samples  of  blood  were  drawn a t   f i x e d   i n t e r v a l s  (15  minutes apar t  
for   those   wi th  2 - D G  and 10 minutes   apar t   for   those   t rea ted   wi th   g lucagon)  
be fo re  and a f t e r   d rug   admin i s t r a t ion   (F ig .   4a ,b ) .  Each sample was analyzed 
in   dupl ica te   and   the  means a t  each  sample  t ime  (four  values  for  each  animal 
a t  each  time)  compiled  and  graphed. From the  response  curves drawn t h e   o p t i -  
mal  time  for  sampling was determined. 

Ser ia l   sampl ing  from the  animals   in   group B w a s  performed 90 minutes 
pos t   d rug   adminis t ra t ion .   In   g roup  C s e r i a l   s a m p l i n g  w a s  performed 40 minutes 
post  d r u g  adminis   t ra  t ion.  

Each sample was immediately  placed  into  an  individual  preweighed, 
c o l d ,   c e n t r i f u g e   t u b e ,   c o n t a i n i n g  0.5ml H20 and  0.5ml  0.5%  ZnS04-7H20. The 
tubes  and  their   contents   were  reweighed  and  the  absolute   weight  of  blood 
added to   each  tube was determined. 

One h a l f  m l  of 0.3% B a  (OH)2 was added t o  each  tube.   This  mixture 
e f f e c t i v e l y   i n h i b i t s   c e l l u l a r   g l u c o s e   u t i l i z a t i o n  and the  subsequent  dep- 
l e t i o n   o f   t h e   e x t r a c e l l u l a r   g l u c o s e   c o n c e n t r a t i o n .  

* The animals  were  then  exsanguinated.  For  each  animal  the  pool of 
co l lec ted   b lood  w a s  w e l l  mixed  and d iv ided   i n to   t h ree   sma l l e r   poo l s   t o   s e rve  
as background  references  for   the  re l iabi l i ty   of   the   t ime  dependent   measure-  
ments. The three  pools  were  chosen s o  tha t   t hey  would  span  the  range  of  the 
ser ia l  samples. The f i r s t   p o o l  w a s  maintained  unchanged. One m l  of a s o l u -  
t i o n  of g lucose   d i s so lved   i n  0.9% sodium  chloride w a s  added t o  2 m l  of  the 
second  pool. The c o n c e n t r a t i o n   o f   g l u c o s e   i n   t h i s   s o l u t i o n  w a s  s u f f i c i e n t   t o  
b r i n g   t h e   f i n a l  3 m l  volume g lucose   concent ra t ion  up 50 mg% above   the   o r ig ina l  
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pool   concent ra t ion .  The th i rd   poo l  was d i l u t e d   w i t h   a n   e q u a l  volume  of 0.9% 
sod ium  ch lo r ide   t o   ha lve   t he   o r ig ina l   g lucose   concen t r a t ion .  From each  of 
t h e s e   t h r e e   w e l l  mixed pools , s i x  100 Lamba samples  were  drawn.  Each  sample 
w a s  added t o   t h e   t u b e s  (which  had  been  pre-weighed)   containing  z inc  sulfate  
so lu t ion   and   we ighed   t o   eva lua te   any   p ipe t ing   e r ro r .  B a r i u m  hydroxide w a s  
added.  These  tubes  were  then  randomly  spaced among t h e  s e r i a l  samples,  and 
a l l  were   cen t r i fuged .  A l l  samples  were  maintained  on ic'e u n t i l   c e n t r i f u g a t i o n .  

The twenty-four   ser ia l   samples   and  the  s ix   samples  drawn  from  each 
of   the  three  separate   pools   were  analyzed  for   each  animal .  Two 0.5 m l  
a l i q u o t s  of   superna tan t   l iqu id   f rom  each   cen t r i fuge   tube   were   p ipe t ted   o f f  
f o r   d u p l i c a t e   g l u c o s e   a n a l y s i s .   I n   t h e  data ana lys i s   the   average   o f   the  results 
from  the two a l i q u o t s  was cons ide red   t o   r ep resen t   t he   i nd iv idua l   e s t ima tes   o f  
g l u c o s e   c o n c e n t r a t i o n .   I n t e r n a l   r e l i a b i l i t y  was judged on the   bas i s   t ha t   t he  
two ind iv idua l   de t e rmina t ions   ag reed   w i th in   expec ted   va r i ab i l i t y  limits. A 
g r e a t   d e a l  of   care  was t a k e n   t o   a s s u r e   t h a t   t h e  two determinat ions  agreed 
within  expected l imits.  In   the  few cases   where   g rea te r   uncer ta in ty  was en- 
coun te red ,   t he   i nd iv idua l   po in t   t ha t  seemed t o   b e  more in   accordance   wi th  i t s  
temporal ly   neighboring  points   were  selected.  Howe'ver the   uncer ta in ty   ass igned  
t o   t h i s   s i n g u l a r   p o i n t  w a s  the   s tandard   devia t ion   of   the   en t i re   var iab le   sample  
(€ .e .   16  mg%) r a t h e r   t h a n   t h e   r e l i a b i l i t y  of a s ing le   s t anda rd   s ample   (€ . e .  
4 mg%). 

The glucose  content  was de te rmined   acco rd ing   t o   t he  micromethod  of 
Folin-Wu ( 2 3 ) .  J u s t  p r i o r   t o   c o l o r i m e t e r   a n a l y s i s  , each  f inal   sample w a s  
passed  through a Gelman M e t r i c e l   f i l t e r   w i t h  5.0 micron  pores ,   to  remove i n -  
so luble   suspended   mater ia l .  

Glucose  concentrat ion was determined as a func t ion  of o p t i c a l   d e n s i t y ,  
using a Dana model 5400 d i g i t a l   v o l t m e t e r   c o u p l e d   t o  a Bausch  and Lomb Spec- 
t r o n i c  20 color imeter   wi th   regula ted  power compensation. Each sample  concen- 
t r a t i o n  was read a t  a wavelength  of 420 m .  The vol tmeter   output   increased 
the   r e so lu t ion  of the  color imeter   readings  ten  t imes.   Differences  of   less  
than 1 t ransmi t tance   un i t   could   be   de tec ted .   These   un i t s   were   conver ted   to  
d e n s i t y   u n i t s ,  from  which  the  glucose  concentration was c a l c u l a t e d .  

The eighteen  reference  samples   were  analyzed  and  used as a background 
to   e s t ab l i sh   t he   magn i tude   o f   t he   expe r imen ta l   e r ro r   o f   any   pa r t i cu la r   g lu -  
cose  sample  within  the  range  of   interest .   Their  known cons tancy   permi ts   the i r  
u s e   t o   t e s t   t h e   n u l l   h y p o t h e s i s   o f  how  much apparent   'dynamic '   var ia t ion  could 
be   ascr ibed   to   measurement   e r ror .  1 

'a 

' If we concede   tha t   the   cont ro l   pool  is only known in   the   sense   o f  i t s  c a l i b r a -  
t i o n  by a pa r t i cu la r   t echn ique ,   t he   o the r  two pools , however,   are known, r e l a -  
t i v e   t o   t h e   c e n t r a l   p o o l ,   b y   a b s o l u t e   o f f s e t s .  Thus o u r   r e l a t i v e   l e v e l s   a r e  
known r e l i a b l y .  By t reat ing  pooled  samples  as random  members of a t e s t   s e -  
quence,  from  the  relative  constancy of t h e i r   e x p e c t e d   s t a t i s t i c a l   v a r i a t i o n ,   i . e .  
they do n o t   d r i f t   i n   t i m e   n o r  do  they show l a rge r   t han   expec ted   f l uc tua t ions ,  
we can   no te   t he   cha rac t e r i s t i c s   o f   t he   t empora l ly   s ampled   da t a   t o   s ee   i f   t hey  
show comparable   o r   g rea te r   var ia t ion   than   the   re fe rence   pooled   da ta .   Grea ter  
v a r i a t i o n  now m u s t  b e   a s c r i b e d   t o   ' s y s t e m a t i c '   f l u c t u a t i o n s .  
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Though the   concen t r a t ion   o f   t he   o r ig ina l   base   poo l  i s  unknown and  determined 
experimental ly  by t h e  test t echn ique   u sed ,   t he   r e l a t ive   concen t r a t ions   o f   t he  
o t h e r  two poo l s   a r e  known. Thus ,   the   'p red ic t ion '   o f   the i r  mean va lue  is an 
independent  check on t h e   r e l i a b i l i t y  of estimates from the   pools .  The mean 
and  s tandard  deviat ion  for   each  pool   were  determined  and  plot ted as i n   F i g .  
5 a . ,   w h i c h   i l l u s t r a t e s  a t y p i c a l   c a s e .  The  two ca l cu la t ed   poo l  means a r e  
presented  and shown l y i n g   w i t h i n  one s tandard   devia t ion   of   the   exper imenta l ly  
determined  means. The a n a l y s i s   e r r o r ,  as de te rmined   by   t he   va r i a t ion   w i th in  
each homogeneous  poo1,was used as a gu ide   fo r   e s t ima t ing   t he   s ign i f i cance   o f  
t h e   g l u c o s e   o s c i l l a t i o n s   f o u n d   i n   t h e   s e r i a l l y   c o l l e c t e d   d a t a .  

The s e r i a l  sample  data  of a typ ica l   an ima l  is  p l o t t e d   i n   F i g .  5b wi th  
t h e  means and   s tandard   devia t ions   o f   the   th ree   re fe rence   pools   f rom  the  same 
anima 1. 

Each p o i n t   o f   s e r i a l  data cannot   be  considered  to   be more c e r t a i n   t h a n  
an amount of   the   o rder   o f   one   s tandard   devia t ion  of the   re fe rence   pool   da ta ,  
i n   t h e   v i c i n i t y  of that   sample da ta  p o i n t .  The un i t   s t anda rd   dev ia t ion   o f   t he  
pool i s  thus  used  as a measure  of   the   uncertainty.  The u n c e r t a i n t y  i s  i n d i c a t e d  
by a band  a round  the   se r ia l  data i n   F i g .  5b.   Within  this  range a curve  of 
l e a s t   f l u c t u a t i o n  may be drawn (as  shown by the   dashed   l i ne ) .  What remains 
canno t   be   exp la ined   a s   expe r imen ta l   e r ro r .   Th i s   t echn ique   f i l t e r s   ou t  un- 
wanted  high  frequency  components  with  periods  of  the  order  of  the  sampling 
i n t e r v a l   b u t  s t i l l  t akes   i n to   accoun t   e r ro r s  and u n c e r t a i n t i e s   i n   t h e   c h e m i c a l  
a n a l y s i s .   T h u s ,   t h e   r e a l i t y   o f   o s c i l l a t i o n s  may be   no ted   in   the   res idua l   ex-  
curs   ions.  

T h i s   ' p e n c i l - f i l t e r i n g '   t e c h n i q u e  is  q u i t e   u s e f u l ,  and  has   several   advant-  
ages  over more complex  kinds  of da ta  a n a l y s i s  , for   example ,   Four ie r   ana lys i s .  
It is v e r y   s i m p l e   t o   u s e   i n   p r a c t i c e ,   r e q u i r i n g   o n l y  a l i t t l e   i n t u i t i o n  and 
experience.  It br ings  for th   c lear ly   and  unambiguously  the most c e r t a i n   i n -  
formation  contained  in   the  data .   Further ,   and  most   important   for   analysis  
of  the data  c o n t a i n e d   i n   t h i s   r e p o r t ,  i t  can   be   appl ied   wi th   conf idence   to  
s h o r t  segments  of  data.  That i s  , d a t a  covering many cyc le s   a r e   no t   r equ i r ed  
in   o rder   to   de te rmine   unequivoca l ly   the   ex is tence  of f l u c t u a t i n g   p a t t e r n   ( a s  
would  be required by c o r r e l a t i o n   t e c h n i q u e s ) ,  and y e t  i t  permits  making  reason- 
able   es t imates   of   the   most   predominant   f requencies   in   the  spectrum.  Instead 
it  makes use  of   the   ergodic   hypothesis   that   determinat ions from i n d i v i d u a l  
members of  an  ensemble w i l l  e x h i b i t ,   i n   b r i e f   o b s e r v a t i o n s  , c h a r a c t e r i s t i c s  
s imi la r   to   ind iv idua ls   in   long   observa t ions .   (Shor t   segments   o f  da t a ,  however, 
cannot   guarantee   s ta t ionar i ty ;   on ly  many repeated  segments  of da ta  can . )  

Data fo r   each   t e s t   an ima l   a r e  shown i n   F i g .  6 .  The frequencies  found  by 
F o u r i e r   a n a l y s i s   a r e   i n d i c a t e d   i n   F i g .  7 .  - 

The frequency  spectrum  for  each  group  of  animals as determined  by  both  the 
p e n c i l   f i l t e r i n g  and F o u r i e r   a n a l y s i s   a r e  compared. The d i f fe rences   and  s i m i -  
l a r i t i e s  between  the  groups  are   presented  in   Table  3 .  Making use  of  charac- 
t e r i s t i c   r e s p o n s e s   e x h i b i t e d   i n   t h e s e   d a t a  and t h e  known e f f e c t s   o f   t h e   t e s t  
agents  and  of  adrenalectomy, a b a s i s   f o r   e x p l a i n i n g   t h e   o s c i l l a t i o n s   i n   t e r m s  of: 
phys io log ica l  mechanisms i s  suggested.  
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Resul t s  

The mean blood  glucose  responses   of   the   animals   in   the two  supp- 
lementary  groups,   used  to   determine  the  opt imal  time f o r  ser ia l  sampling 
a f t e r   d r u g   a d m i n i s t r a t i o n ,  a re  p lo t ted   in   F igures   7a   and   7b .  

F i r s t ,   w i t h   r e g a r d   t o   t h e   a n i m a l s   p r e t r e a t e d  w i t h  2-DG (Fig.  '4), they 
developed  hyperglycemia  with  the same time-codrse as that   reported  by  Smith 
and  Epstein ( 2 3 ) .  The onset   of   hyperglycemia  began  within  f i f teen  minutes  
and  peaked  between 90 and 120 minutes   post  2 -DG admin i s t r a t ion .  

Also ,   wi th   regard   to   the   response   to   g lucagon,   the   hyperg lycemic   response  
t o   t h e   i n t r a r t e r i a l   a d m i n i s t r a t i o n   o f   g l u c a g o n  w a s  similar t o   t h a t  found  by 
Sarcione e t  a l .  ( 2 4 ) ,  who in j ec t ed   g lucagon   i n to   t he  t a i l  vein  of ra ts .  The 
glucagon  induced  hyperglycemic  response  began  within  ten  minutes,   reached a 
peak a t  t h i r ty   minu te s ,   and   pe r s i s t ed   fo r   l onge r   t han   e fgh ty   minu te s .  

F i g .  6 shows the  raw s e r i a l  sample  data   for   each  animal   of  a l l  four  
groups.  The bands i n   t h e  background show  means and  s tandard  deviat ions  of   the  
re ference   pools   assoc ia ted   wi th   each   an imal .   In   every   case   the   ampl i tudes  of 
t h e   o s c i l l a t i o n s  a re  g r e a t e r   t h a n   t h e   e x p e r i m e n t a l   u n c e r t a i n t i e s   i n d i c a t e d   b y  
the   r e f e rence   poo l s .  The p e n c i l - f i l t e r i n g   t e c h n i q u e  w a s  app l i ed   t o   each  s e t  
of data and  the  dominant   f requencies   extracted.  

The d a t a  was a l so   ana lyzed   w i th   t he   Four i e r   ana lys i s   men t ioned   i n  
the   p rev ious   s ec t ion .  The ca l cu la t ed   Four i e r   coe f f i c i en t s   fo r   each   pe r iod  
a r e  shown i n   F i g .  7 .  I n   each   g roup   t he   p lo t t ed   coe f f i c i en t s   fo r   each   pe r iod  
are the   med ian   o f   t he   coe f f i c i en t s   fo r   t he   t h ree   an ima l s   o f   t ha t   g roup .  The 
twelve  per iods  evaluated are  equal   f ract ions  of   one  cycle   per   minute ,   f rom 
one-s ix th  cpm t o  two cpm. The resul ts  a r e   t a b u l a t e d   i n   T a b l e  3 where  the 
o s c i l l a t i o n s  a re  c l a s s i f i e d  as h i g h l y   c e r t a i n  (*), as discriminated  from 
t h e   n o i s e ,   o r   m o d e r a t e l y   c e r t a i n  (-I+). Zero (0) i n d i c a t e s   n o   o s c i l l a t i o n s ,  
and ( - )  i n d i c a t e s   u n d e c i d a b i l i t y .  The ' h i g h l y   c e r t a i n '   d e t e r m i n a t i o n s ,  
l o o s e l y ,   r e p r e s e n t  a d i s c r i m i n a t i o n  of about  4 t o  1 i n   s i g n a l   t o   n o i s e   r a t i o .  
Table  3 a l s o  shows t h e   f r e q u e n c i e s   o b t a i n e d   b y   p e n c i l   f i l t e r i n g .   S i n c e   t h i s  
t echn ique   pe rmi t s   t he   d i sc r imina t ion   on ly   o f   t he   mos t   s ign i f i can t   f r equenc ie s ,  
t h e s e   o s c i l l a t i o n s   h a v e   b e e n   c l a s s i f i e d  as h i g h l y   c e r t a i n .  

Comparison  of t he   compute r   ana lys i s   w i th   penc i l   f i l t e r ing   d i sc loses  
the   s imi l a r i t y   o f   h igh ly   ce r t a in   pe r iods   d i scove red   by   bo th   t echn iques  ( 4 0 -  
60 seconds,  120-180 seconds ) .   Add i t iona l   weake r   o sc i l l a t ions  are found  by 
t h e   F o u r i e r   a n a l y s i s ,   n o t a b l y   w i t h   p e r i o d s   n e a r  30 seconds,   which is twice 
the  sample t ime, n e a r  360 seconds  which is t h e   t o t a l   s a m p l i n g  t i m e ,  and i n  
the  mid-range  of 75 t o  90 seconds.   Technical   sampling  reasons  (see Goodman 
( 7 ) ,   f o r  example, fo r   d i scuss ion )   r equ i r e   d i smis s ing   t he  360 second  cycle,  and 
the  30 second  cycle as p o s s i b l y   a r t i f a c t s .  It is  a l s o   d i f f i c u l t   t o   s e p a r a t e  
t h e   f r e q u e n c i e s   i n t o   d i s c r e t e   s t a t i o n a r y   s p e c t r a l   l i n e s .  With  such  uncertain- 
t i e s  i n  mind, we can  consider   the resu l t s  for   each  sample  group,   consider ing 
o n l y   t h o s e   o s c i l l a t i o n s  of which w e  can   be   cer ta in .  
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The control   group (A) g l u c o s e   o s c i l l a t i o n s   c o n t a i n e d   h i g h l y   c e r t a i n   h a r -  
monics  with  periods of 40-60 seconds  and  120-180  seconds. An a d d i t i o n a l  
harmonic  with a per iod of 75-90  seconds was a l s o   s e e n   w i t h   t h e   F o u r i e r   a n a l y s i s .  

Group B y  p r e t r e a t e d   w i t h  2-DG, showed a h ighly   cer ta in   harmonic   wi th  a 
per iod of 40-60 seconds  and a more ques t ionable   harmonic   wi th  a period  of 75- 
90 seconds. 

Group C,  pre t r ea t ed   w i th   g lucagon ,  had a h i g h l y   c e r t a i n   g l u c o s e   o s c i l l a t o r y  
per iods of 40-60 seconds  and  120-190  seconds  with a more questionable  (computer 
analysis  only)  harmonic a t  75-90  seconds. 

.The  adrenalectomized  animals , group D ,  had h i g h l y   c e r t a i n   o s c i l l a t o r y  
per iods of 40-60 seconds  and  120-180  seconds. 

C .  Discussion 

When w e  examine a l l  of  the  metabolic d a t a  a v a i l a b l e   t o  u s  ( taken  from  the 
r e f e r e n c e s   l i s t e d )  , and inc lud ing  data on r e d   c e l l   f l u c t u a t i o n s  in small c a p i -  
l l a r i e s ;   b lood   g lucose ,   b lood  O2 and C 0 2 ,  b l o o d   l a c t a t e   a n d   f r e e   f a t t y   a c i d s ;  
l o c a l  and overall   organism  temperature and heat  production;  oxygen  uptake,  
minute  volume,  and C02 de te rmined   in   the   resp i ra t ion ;   p iece-meal  da ta  taken 
i n  man, gu inea   p ig ,   dog ,   ra t ,  mouse) we seem to  f ind  about   three  major   bands 
of   harmonic  f luctuat ions  in   the  range  20  to  500 seconds.  One band i s  centered 
a t  approximately  50  seconds ( i t  may include  an  independent band a t  30 seconds) ;  
a second is  centered a t  about  100 seconds;  and a t h i r d  is centered a t  about  400 
seconds .   In   th i s   s tudy ,  we have   g lucose   f luc tua t ions   in  rats nea r  50 seconds 
and 150 seconds (we view the  100  second  and  150  second  periods  as  being  indis- 
t i n g u i s h a b l e ) .  We propose   to   use   pharmacologica l   ev idence   to   d i s t inguish   o r  
a t   l e a s t   s c r e e n   r e g u l a t o r y  mechanisms  which may gene ra t e   t hese   cyc le s .  We, of 
course ,   a re   assuming  tha t   these   metabol ic   osc i l la t ions   a re   coupled   (e .g .   g lu-  
cose/oxygen)  in some  way. We w i l l  a t t e m p t   t o   i n t e r p r e t   t h e   n a t u r e  of t h e s e  
regulatory  chains   in   terms  of   our   glucose  f indings.  

The compound 2-DG, a chemical  analog of glucose,  i s  s a i d   t o   h a v e  a two- 
fo ld   ac t ion .  Brown (25) has  shown t h a t  i t  a c t s  as a compet i t ive   inh ib i tor   o f  
g l u c o s e   u t i l i z a t i o n  by me tabo l i z ing   ce l l s ,  and  subsequently i t  causes  an  in- 
c r ease   i n   t he   depos i t i on   o f   l i ve r   g lycogen .  This i n h i b i t i o n  of glucose up- 
take and metabol ic   ac t ion   by   the   t i s sues  is no t  enough to  induce  hyperglycemia 
because  increased  l iver  glycogen  deposit ion  compensates  for  the  decreased 
t i s sue   up take .  2-DG s imul t aneous ly   i nc reases   t he   r e l ease   o f   ep inephr ine ,  due 
tc  i t s  a c t i o n  on t h e   b r a i n  and the  subsequent   nervous  s t imulat ion of t h e   a d r e n a l  
medulla. The r e l e a s e  of epinephrine is necessary  for  the  development  of  hyper- 
glycemia,   s ince Brown has shown tha t   in   adrena lec tomized  ra ts ,  2-DG admini- 
stration  does  not  induce  hyperglycemia,   but  only a compensatory  increase  in 
l iver   glycogen.  

Glucagon,   s imilar ly ,   has  a d u a l  func t ion .  It causes  increased  glyco- 
genolys is   in   the   l iver ,   accompanied  by t h e   r e l e a s e  of epinephrine  from  the 
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adrenal   medul la .   Alpha  blockade  or   demedullat ion  of   the  adrenal   glands  blocks 
the   hyperg lycermic   response   a l though  g lycogenolys is  i s  maintained (24)  I n  
a d d i t i o n   g l u c a g o n   i n c r e a s e s   t h e   p e r i p h e r a l   u t i l i z a t i o n   o f   g l u c o s e ,   b y   i n i t i a -  
t i n g  a secondary release o f   i n s u l i n   f r o m   t h e   p a n c r e a s   i n   r e s p o n s e   t o   t h e  e le -  
vated  blood  glucose leve l .  

Compar ison   of   the   g lucose   osc i l la t ion   f requencies   o f   g roups  B and C w i th  
those   o f   t he   con t ro l   g roup   pe rmi t s   d i f f e ren t i a t ion   be tween   o sc i l l a t ions   gene -  
r a t ed   by   pe r iphe ra l   t i s sue   g lucose   up take   and  release and   l i ve r   g lycogeno lys i s .  
Information as to   t he   na tu re   o f   ad rena l   i n t e rac t ion   i n   t h i s   r egu la to ry   ne twork  
is  obtained  by  comparison  of   adrenalectomized  and  control   animals .  

A cor re l a t ion   o f   t he   obse rved   o sc i l l a to ry   f r equenc ie s   w i th   b iochemica l  
events  by  comparison  of  the  harmonics  generated  by  each  of  the  four  groups 
wi th   each   o ther   and   wi th   the   agent   o r   surg ica l   p rocedure   used ,  is  shown i n  
Table 3 .  Such a co r re l a t ion   sugges t s   t he   even t s   t o   wh ic5   t hese  time s c a l e s  
may be  coupled. 

A s t rong   f luc tua t ion   of   40-60   seconds  was found i n   a l l   g r o u p s ,   i n d e -  
pendent   of   the   t reatment .   These  rapid  f luctuat ions  imply  the  exis tence  of  a 
su rp r i s ing ly   f a s t   ac t ing   r egu la to ry   cha in .   L ink ing   t h i s   f r equency   w i th   i n -  
s u l i n   a c t i v i t y   i n   t h e   p a n c r e a t i c - h e p a t i c   r e g u l a t o r y   p a t h w a y  was f i r s t  proposed 
by Anderson e t  a l . ( l 8 ) .  Our da t a   suppor t   t he   i dea   o f   i n su l in - l ive r   coup l ing .  

A possible  75-90  second  period i s  found i n   t h e   c o n t r o l ,   t h e  2-DG t r e a t e d  
and  glucagon  treated  groups.  It is absent  from  the  group  of  adrenalectomized 
an imals .   In   the   g roup   pre t rea ted   wi th  2-DG t h e   f l u c t u a t i o n  a t  t h i s   f r equency  
is  o f  less cer ta in   magni tude.  Even  though the  evidence is  weak or  perhaps 
masked i n   t h e s e   o b s e r v a t i o n s ,   t h e   p o s s i b i l i t y   o f   a d r e n a l  m e d u l l a  s e c r e t i o n  
a s  a l i n k   i n   g l u c o s e   r e g u l a t i o n  a t  t h i s  time s c a l e  is  suggested.   Without   the 
a d r e n a l s   n o   o s c i l l a t i o n s   e x i s t .  On the   o the r   hand ,  when 2-DG is adminis te red  
to  otherwise  normal  animals  the  pronounced  hyperglycemia  (dependent upon 
e p i n e p h r i n e   r e l e a s e )   c o u l d   d i s t o r t  o r  mask the   harmonic   charac te r i s t ics  a t  
t h i s   t i m e   s c a l e .  

Thus,   act ion  of   epinephrine,   l iberated  f rom  the  adrenal  m e d u l l a ,  on a 
l i v e r   g l u c o s e   f u n c t i o n   w i t h   t h i s   p e r i o d  is  not  r u l e d  o u t .  

The s t rong  s lower  harmonic  with a period  of  120-180  seconds is  found i n  
a l l  groups  except   those  pretreated  with 2-DG. S ince   t he   p r imary   ac t ion   o f  
2-DG is as a compe t i t i ve   i nh ib i t i on   o f   pe r iphe ra l   g lucose   up take   and  u t i l i -  
za t ion ,   and  a harmonic   wi th   th i s   per iod  is not  observed when t h i s   a g e n t  is 
used,  the  peripheral   removal  of  glucose  from  the  blood stream a p p e a r s   t o   b e  
the   sou rce   o f   t h i s   ha rmon ic .  

" 

Ibera l l   and   Cardon  (1965,   see   (6) )   have   sugges ted   tha t   osc i l la t ions   in  
oxygen  uptake,   in  minute volume v e n t i l a t i o n ,   i n   t h e r m a l l y   d e t e c t e d   h e a t   p r o -  
d u c t i o n ,   a n d   f l u c t u a t i o n s   i n  r e d  c e l l s   i n  small c a p i l l a r i e s   w i t h   t h i s   a p p r o x i -  
mate  period a re  the   concomi tan ts   o f  a thermodynamic  engine  cycle.  They  have 
s u g g e s t e d   t h a t   t h e   c y c l e  is monitered by an  oxygen  choke.  This  mechanistic 
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view  attempts to   account   for   the   exchange  of e n e r g y   w i t h i n   t h e   s y s t e m   a t   t h i s  
t ime   s ca l e  on the   l oca l   mic rovascu la r   l eve l .  This proposa l   r ece ives   fu r the r  
support  from t h e   g l u c o s e   o s c i l l a t i o n s   o b s e r v e d   i n   t h i s   s e r i e s   o f  tests.  It 
a p p e a r s   l i k e l y   t h a t  a l l  t i ssue may e x h i b i t  a l o c a l   n e a r  100 second  engine  cycle 
metered  by  an  oxygen  choke,  and  that  in a very   ac t ive   engine   source   l ike   musc le ,  
the  glucose  uptake is t i e d   t o   t h e  oxygen  uptake. It w i l l  t a k e   d i r e c t   p h a s e  
measurements  between  oxygen  and  glucose t o   c o n s i d e r   t h i s   h y p o t h e s i s   i n   g r e a t e r  
d e t a i l .  
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Fig .  1: Shunt  Sampling  Device. A s t a i n l e s s  
- s t ee l  T is cons t ruc ted   ou t   o f  18 gauge 

s i l a s t i c   t u b i n g ,   w h i c h  forms the   bu lk   o f  

main ta ined   th rough  these   tubes   and  "T" 
connection. 

The s i d e  arm of t h e  "T" is connec ted   to  a 
B-D t h r e e  way s topcock ,   i n to   t he  end  of 
which is i n s e r t e d  a t e f l o n   a d a p t e r .   T h i s  
adap te r  is cons t ruc t ed  s o  that   an  unbroken 
path  for  blood  sampling  can  be  maintained 

p res sed   aga ins t  i t .  

11 I 1  

'' ' tubing.  Two ends  of  the "T" are connected 
I 

. the   shunt .  A continuous  blood  flow is 

. .~ 1 between  the  shunt  and a c a p i l l a r y   t u b e ,  

l o o l  

0 60  120 180 240 500 

TIME IC- 

0 60 120 le0 240 300 
""1- 1- 

TIME ICC. 

Fig .   2a :   Graphic   representa-  
t i o n  of the  blood  glucose  con- 
c e n t r a t i o n  (mg%) p l o t t e d  
aga ins t   sampl ing   t ime  ( sec) .  
The  number  of cycles ,   counted 
from  the  graph, is divided 
i n t o   t h e   t o t a l   e l a p s e d   t i m e .  
The period  thus  obtained 
( 3 4 5 / 8  = 4 5 )  is  t h e   h i g h e s t  
f r e q u e n c y   o s c i l l a t i o n .  

F ig .   2b :  The l ines   connec t ing  
the   midpo in t s   o f   t he   o sc i l l a -  
t o ry   undu la t ions   i n   F ig .  2a 
a re   coun ted   and   t he   d iv i s ion  
process   repeated.   This   yields  
a period  of  about 95 s e c .  
Subsequent f i l t e r i n g  of t h i s  
data  completely  smooths  the 
curve  toward  the mean blood 
g lucose   concent ra t ion .  
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Fig.  3a:  Blood  Glucose 
O s c i l l a t i o n s   i n   A n e s t h e -  
t.ized Rats. The a r t e r i a l  
blood  glucose  concentra- 
t i o n   i n   n i n e  rats a r e  
p l o t t e d   a g a i n s t   s a m p l e  
time. The f l u c t u a t i o n s  
have  not  been  smoothed. 
Note  the  rapid marked 
f l u c t u a t i o n s   i n  a l l  
anima 1s. 

b 
100- , I 

Fig .  3b: Blood  Glucose 
Osci l la t ions,Unanes  thet ized 
Rats. S i m i l a r  g raphic   rep-  
r e s e n t a t i o n  of t h e   d a t a  
for   four   unanes  the t ized 
rats.  No s t a t i s t i c a l l y  
s i g n i f   i c a n t   d i f f e r e n c e  
can  be  noted  between 
these   and   the   anes   the-  
t i zed   an ima l s .  
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Fig. 4 :  Hyperglycemic  Response to   In jec ted   Agents  

F igs .   4a :  2 deoxy-d-glucose (750 mg/kg S.C.) 
4b:  glucagon  (0.4 mg/kg I . A . )  

Each po in t  i s  the  mean value of two  samples  drawn  and  analysed i n  
dupl ica te   f rom a minimum of f ive   an ima l s .  From these  graphs  the  opt-  
imal t ime  for   withdrawal   of   the   ser ia l   b lood  samples  was determined 
f o r   t e s t   g r o u p s  B and C i n   F i g .  7 .  
The tes t  agent  was i n j e c t e d  a t  t ime  zero ,  j u s t  a f t e r   w i t h d r a w a l  of 
the  second  (zero  t ime)   sample.  
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Fig .  5a:  Error  Analysis  of Data From A Single Animal 

The values  determined by chemical  analysis  for  each  pool are sequen- 
t i a l l y   p l o t t e d   i n   5 a .  The calculated means and  standard  deviations  for 
each pool  are p lo t t ed   i n   t he  same graph.  Note tha t   t he   ca l cu la t ed   i n -  
crease  in  concentration,  50 mg% above  the i n i t i a l   p o o l ,  is wi th in  one 
standard  deviation  of  the  actual  Concentration  found. The volume, d i -  
luted  in  half ,   similarly,   has  an  experimentally  determined  concen- 
t r a t i o n   w i t h i n  one s tandard  deviat ion of t ha t   ca l cu la t ed .  

These  deviations  are  used as a guide  for  the  determination of t he   e r ro r  
i n   t he   ana lys i s  of   the   se r ia l   sample   da ta  shown i n  5b. 
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Fig.   5b:   Error   Analysis  of  Data From A Single  Animadl 

The s e r i a l  sample  data are p lo t ted   a long   wi th  the standard 
devia t ion   es t imated   for   each   va lue .  The t h r e e   c a l i b r a t i o n  
p o o l s ,  p l u s   t h e i r   u n c e r t a i n t i e s ,  are shown i n  the  background. 

The dashed  l ine is  a smoothed curve  of  the smallest temporal 
f l uc tua t ion   i n   g lucose   concen t r a t ion   t ha t   t he   e r ro r   ana lys i s  
permits .  
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Fig .  6: F i f t e e n  Second  Sampling  Glucose  Concentration 
Each g raph   r ep resen t s   t he   s e r i a l   concen t r a t ions   de t e rmined   fo r   each   an ima l  
from p a i r s  of b lood   samples .   In   addi t ion ,   the  means and  s tandard  deviat ions 
o f   c a l i b r a t i o n   p o o l s   a r e  shown in  the  background.  
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I n  a l l  cases   t he   o sc i l l a to ry   ampl i tudes   exh ib i t ed  by ser ia l  sampling  are  
s i g n i f i c a n t l y   g r e a t e r   t h a n   t h e   d e v i a t i o n s  shown i n   t h e  background  pools 
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Fig.  7 :  Relat ive  Ampli tudes of F iuc tua t ions  By Fourier   Analysis  

Each graph   represents   the   compi led   ampl i tude   coef f ic ien ts   for   each   group 
of   an imals   in   F ig .  6 as determined by a computer ized   Four ie r   ana lys i s .  The 
a b s c i s s a  i s  d i v i d e d   i n t o   e q u a l   f r a c t i o n a l   p a r t s   o f  a s ix ty   second  cyc le .  

The p lo t   does   no t   r ep resen t   t he   ac tua l   g lucose   concen t r a t ion  a t  any  given 
t ime.   Ins tead ,   the   ampl i tudes   a re   an   ind ica t ion   of   the   p robabi l i ty   tha t  
o s c i l l a t i o n s  are  occur r ing  a t  each  of  the  plotted  frequencies.   Anything  but 
prominent  peaks m u s t  be  regarded as n o i s e .  
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Table 1: Comparison of S e r i a l  and  Pooled  Samples 

mg% Glucose 

- Animal No. - 
- seconds 10 11 12 13 

0 
15 
30 
45 
60 
75 
90 

105 
12 0 
13  5 
150 
165 
180 
19 5 
2 10 
22 5 
240 
2 55 
270 
285 
300 
3 15 
330 
345 

Mean 
S .D.  
Po0 led Mean 
A Mean 

1 

87 - 7  
80.8 
82.5 
76.5 
63.6 
67 .O 
54.4 
68.8 
58.4 
57.6 
63 . 6  
64.4 
66.2 
79 .1  
56.7 
98 .O 

108.3 
134.9 

62.7 
75.6 
89.4 
58.4 
72 .2 
74.8 
75.1 
18.3 
79.2 
4 . 1  

79.9 
110.9 
135.4 
105.3 
133.5 
103.5 
81.8 
76.2 
71.4 

104.4 
96.8 

101.5 
109.1 
134.4 
119.4 
158.0 
189.9 
149.5 
113.8 
95 .O 
79 .9  

104.4 
80.8 
72.4 

108.6 
2 9 . 6  

105.3 
3 . 3  

46.0  64.7 
84.9  82.5 
39.4  87.4 
56.5  77.6 
37.5 42 . 1 
64 .O 59.9 
66.9  79.3 

83 .O 93.8 
67.8  63.1 
66.0  80.9 
59.3 92.2 
98.2  145.0 
83 .O 94.8 
82 .1 102.9 
71.6  81.9 
85.8  86.8 
92.5  138.5 
69 .7  98.1 
89.7  70.6 
75.4  130.4 
93.4 112.6 
60.3 127.2  
76.4  107.8 
7 2 . 7  91.3 
1 7 . 1  25.7 
75.3  93.3 
2 . 6  2 .. 0 

95.3 7.1.2 

Table 2 :  R a t  A r t e r i a l  Blood  Glucose O s c i l l a t i o n s  

Anes t h e  t ized 
Mean O s  c i 1 l a  t ions 

Unanesthetized 

Animal  Periods-Seconds  Animal  Periods-Seconds 

51 
45 
45 
51  
51 
51  
45 
48 

95 
95 
90 

13  5 

90 
110 
97 

" 

9 52 85 
Mean 49. 100. 
S .D. 3.  15. 

1 50 
2 45 90 
3 51  90 
4 5 1  114 

Mean 49. 98. 
S . D .  3 .  14. 
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Table 3 
Observed  Osci l la t ions  and  Possible   Funct ional   Correlates  

Osc i l l a to ry   Con t ro l  Group A 
Per iod 
-sec . 

~~ ~~ 

30-36 

40-60 

7 5 - 9 0  

120-180 

3  60 

Four i e r   Penc i l  
F i l t e r  

i+t "I- 

"I+ 

0 - 

2-DG Group B 

Four i e r   Penc i l  
F i l t e r  

Glucagon Group C Adrenalectomy 

Four i e r   Penc i l   Four i e r   Penc i l  
Group D 
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pancreas - 
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